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Abstract
This paper is intended to be a study in the applications of the design freedom granted by additive
manufacture in the design of a 1U CubeSat frame. The main loads experienced by a CubeSat are
structural (during launch) and thermal (solar radiation). Beam charging is an emerging technology
which involves charging a CubeSat using a laser beam. In this paper, a CubeSat frame was redesigned
to account for the structural loads induced during launch and the thermal loads induced when beam
charging. The thermal, weight, design, and structural requirements for a new CubeSat design were
derived. The 1U CubeSat frame was redesigned using a topology optimization. FEA tests were run
to validate the thermal and structural properties of the frame. A panel was added to the frame to
serve as the thermal dissipation system. FEA tests were run to validate the thermal and structural
properties of the panel. A lattice was added to the panel, and it’s impact was quantified. The frame
and panel were both printed on a SLM 125 HL.
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1

Introduction

In 2018, the global CubeSat market was valued at $152 million. By 2023, the CubeSat market is expected to be valued at $375 million [1]. As the CubeSat sector becomes more mature and developed,
the cost of CubeSats will decline. Within the next decade, more industries will have affordable access
to satellite data collection.
As the space industry grows, more CubeSats are expected to be launched into orbit. As of January
2019, 1030 CubeSat’s are orbiting the earth [2]. The increase in the amount of CubeSats correlates
to an increase in energy resources to power said CubeSats. Currently, the main system for providing
power to CubeSats is the sun, whose radiation is absorbed by solar cells. The solar cells are attached
on the outer panels of the CubeSat and supply power to on board batteries. Figure 1 shows a typical
1U CubeSat.

Figure 1: A 1U CubeSat

Solar flux is only about 1418 W/m2 [3]. This means that the amount of power supplied to the spacecraft is directly a function of area, which presents a limitation for small factor CubeSats. For example,
a 1U CubeSat would only receive 14.18 W per face. Collecting solar energy requires that the CubeSat
sides be covered with solar cells, rendering the side panels useless for other applications such as heat
dissipation, and other mission specific activities.
In addition, current practices for satellite power are remarkably un-optimized [5]. Each satellite requires its own unique solar cells, as well as custom mechanical and electrical hardware. If one of the
electrical components fails, the satellite becomes useless leading to millions of dollars in lost revenue.
Extensive data has been collected on satellite missions in the last 30 years, and provides a metric for
the magnitude of satellite power issues. Between January of 1990 and October of 2008, 25% of the
causes for early failure (30 days) of satellites were caused by solar array and operation [7]. An analysis
conducted on the failure causes of 178 CubeSats launched before June 30, 2014 showed that electrical
9

power system failures accounted for 36% of total failures [6]. With CubeSats becoming more prolific,
it is logical to conclude that this problem will result in higher quantities of failed missions.

1.1

Beam Charging

More efficient satellite powering methods have been proposed. One such system, proposed by researchers at San Jose State working in conjunction with NASA, outlines a laser system to be used for
both communications and power [4]. Both communication and charging systems use similar technologies; consisting of an receiver (photocell) and the appropriate hardware for each system. A relatively
inexpensive electrical switch can be used to switch current flow from “charging” mode to “data collection” mode. Such a system has notable applications as satellite missions are launched to travel farther
into the solar system (1.5 AU) and the solar energy density decreases.
Researchers at the Italian University of Padova envision a similar system [5]. Their research investigated the use of a Gallium Nitride receiver. The system was tested using a 405 nm laser diode
operating at a power of 2 W. The receiver displayed 17% efficiency. Researchers envision two types of
satellites operating in orbit, “producers” and “consumers”. “Producer” satellites would store energy,
and beam it to “consumer” satellites using a laser. The system can be thought of as a series of “gas
stations”, as shown in Figure 2. The researchers note that another possible application of laser power
transfer exists in relation to emergency power. In March 2004 the ESA Rosetta space probe landed
on a dark part of comet 67P. Without the ability to recharge, the probe was rendered useless after 2
days. A robust laser recharging system could mitigate such situations.

Figure 2: Satellite ”gas station” network

More recently, the UCSB experimental cosmology group has been working on long range power beaming as part of several NASA and private projects. These projects include NASA starlight, and research

10

into beam to electricity conversion technologies. The NASA starlight research scope is huge ; the goal
is to realize directed energy propulsion. In the Starlight roadmap Dr. Philip Lubin notes the benefits
of beamed power to spacecraft [12]. The research group uses a 1064 nm phased array laser (unlimited aperture, no upper power limit, parallel system topology, MOPA topology) to provide power to
photovoltaic converters. The UCSB group is also pioneering research on beam to energy conversion
technologies. The team has tested photovoltaic converters which are 50% efficient, with 60% efficiency possible in the future [13]. The photovoltaic cells function at a maximum temperature of 200
◦ C, with current testing being conducted at 300 ◦ C. However, these technologies are still experimental.
A beam charging apparatus consists of the following base components; a laser power source, solar
cells, and the necessary electrical control hardware. Although researchers at UCSB have achieved
high efficiencies in a research environment, currently available solar cells are not very efficient. As
mentioned previously, the laser receiver used by the University of Padova researchers was 17% efficient [5]. As of 2019, high efficiency publicly available CubeSat solar panels have a efficiency of 30% [8].

1.2

Objectives

This paper will explore how a CubeSat frame would have to be redesigned to optimize for beam charging. In addition, this paper will explore how the design freedom granted by additive manufacture can
be utilized in CubeSat frame design. In order to accomplish this, the following objectives are proposed.
Objective 1: Quantify the temperatures that arise from beam charging.
In order to accomplish this, it will be necessary to describe the physical interactions through a control volume energy balance. Using the governing physical equations, the temperature throughout the
CubeSat can be modeled. The results of this analysis can be used as a baseline to which the redesigned
CubeSat can be compared.
Objective 2: Generate requirements for a new CubeSat design.
In order to accomplish this, it will be necessary to apply industry standards to a new design in order
to generate specific requirements.
Objective 3: Redesign the CubeSat.
In order to accomplish this, it will be necessary to provide an overview of current CubeSat manufacturing. Additive manufacturing technologies which best apply to CubeSat frame manufacture will be
investigated. The CubeSat will be redesigned using the design freedom granted by additive manufacturing. This encompasses using a topology optimization and integrating lattice structures into the
design.
Objective 4: Validate the redesigned CubeSat.
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In order to accomplish this, the requirements will need to be referenced and each one will need to
be validated. CAE software will be used to validate the structural and thermal requirements. The
improvements of the redesign will be quantified while undergoing validation.
Objective 5: Print the CubeSat.
In order to accomplish this, relevant pre-processing needs to be completed on the CAD. The CubeSat
will be printed and then post processed.
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2
2.1

Thermal Analysis of CubeSats
Power Consumption of CubeSats

Power consumption of CubeSat systems is mission specific. Researchers at Clyde Space present an
example mission with a power demand of 3.4 W [9]. If a CubeSat were to be recharged with 3.4 W, a
11.3 W laser would have to be used, assuming the laser is centered on the CubeSat solar cells, given a
30% efficiency. The same system would yield 7.9 W of dissipated energy, which would enter the CubeSat in the form of heat. Researcher Peter Bugryniec notes that telecommunication systems require
large amounts of power [10]. One example system outlined shows a mission using 2.7 W average power
just for communication, which is more than 50% of sample mission power capacity. Please note that
future laser recharging missions will exceed a 3.4W charging requirement, assuming future increased
power demand and that the system is charged briefly with a large amount of energy which is then
stored for later use.

2.2

Energy Balance of a CubeSat

In the example mission referenced above, 7.9 W would be dissipated as heat. This heat would contribute to the overall temperature buildup in a given CubeSat. Table 1 shows common satellite
components and their operating temperature ranges [3].

Table 1: Common satellite components and their operating temperatures. Source: [3]

The thermal management of a satellite is characterized by the following energy balance equation:
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qin − qout + qdissipated =

dE
dt

(1)

At steady state, this equation becomes:

qin − qout + qdissipated = 0

(2)

qdissipated refers to the heat generated by onboard electrical equipment. For the sake of this analysis
qdissipated will not include heat generated by solar cells.

qin = qsolar + qearthIR + qref lected + qbeaminduced

(3)

qin refers to the energy entering the control volume (CubeSat). As shown in equation 3, qin consists
mainly of solar flux, earth infrared radiation, and sunlight reflected from earth. These heat fluxes
are all variable, depending on the orientation, location, and altitude of the satellite. For the purpose
of this analysis, qearthIR and qref lected will be ignored because their maximum values are negligible
(qearthIR max is 425 W/m2 and qref lectedmax is 237 W/m2 ). qbeaminduced represents the heat induced
by solar cells during laser recharging.

qout = A ∗  ∗ σ ∗ Ts4

(4)

The only means for energy to exit a satellite is through radiation heat transfer. Equation 4 is the
Steffan Boltzman law. As seen, the amount of energy emitted is a function of area, emissivity, and
most heavily, temperature.
Substituting equations 3 and 4 into equation 2 yields:

−A ∗  ∗ σ ∗ Ts4 + qsolar + qbeaminduced = 0

(5)

Using this equation, the steady state temperature of a panel which is both loaded with energy and
emitting energy can be calculated. The values used for this calculation are listed in the Table 2.
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Table 2: Values used in surface temperature calculation

Solving for Ts yields 469.712 K or 196.712 ◦ C. However, a CubeSat face which has solar cells cannot
be used both for beam charging and energy radiation. Energy would have to travel from a beam
charging panel to a radiator panel. Therefore, a conduction path would exist between the solar cell
panel and the radiator panels. This conduction path would have a thermal resistance, and therefore
incur a temperature gradient, which would increase the temperature of the solar cell panel. This
thermal gradient is modeled later in this paper. Regardless, this calculation shows that unsustainable
temperatures can be induced when beam charging.

2.3

Thermal Management

Such excessive temperatures need to be mitigated. A number of systems currently exist which can
help with excessive heat generation. Thermal management of satellites is a topic which is well researched. Table 3 outlines passive thermal systems that could be used in small satellites , along with
their corresponding technology readiness level status, as outlined by NASA researchers.
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Table 3: Passive Thermal Systems. Source: [14]

Thermal management of satellites has three goals: reject the radiation energy coming into the craft,
improve thermal conductivity within the craft, and improve the emissivity of the radiator panels in
the craft. Rejecting radiation energy from the craft is not an applicable solution when utilizing beam
energy charging, and therefore, sun shields are not applicable to beam heat energy dispersion. Thermal storage units do not provide a direct means of improving conduction within a satellite or radiation
away from a satellite, therefore are not an applicable solution when utilizing beam energy charging.
However, MLI materials, paint, flexible thermal straps, thermal louvers, deployable radiators, and
passive heat pipes present valid solutions to the excessive heat generation problem. These technologies will be subsequently investigated for applications to beam energy dispersion.
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Multi Layer Insulation (MLI) acts as a thermal radiation barrier from incoming solar flux. MLI blankets, however, are very delicate and not effective for small form factor satellites. There has been some
success in the use of metalized tapes as an MLI alternative. Radiative tapes could be used on radiation
emitter panels. These tapes do not bond well to curved surfaces.
Matte paint is an alternative technology which aids with in the thermal management of satellites.
White paint has low absorptivity, while black paint absorbs most thermal radiation in the radiation
and IR spectrum. Paints could also be used to improve the emissivity of a radiator panel. One downside of using paints is that they have a shorter lifespan than tapes.
Thermal straps provide a conduction path between surfaces with thermal gradients. Such systems
take up room and add weight to a CubeSat. However, they present a solution to transferring heat
energy to emitter panels. It is worth noting that every time there is a mechanical junction, such as
from a hot panel to a thermal strap, there is a corresponding thermal junction resistance. This will
be quantified in the thermal resistance section of this paper.
A thermal louver is a system which acts as a radiator. As a satellite heats up, the louvre panels passively open, increasing the emissivity of the satellite. When the satellite cools down again, the panels
close. As the Thermal louvers are very efficient thermal control systems. They are, however, very big.
NASA researchers mention Thermal Louver development for 6U CubeSat sizes [14]. Currently, this
technology is not applicable for small form factor CubeSats, such as the 1U CubeSat outlined in this
paper.
Deployable radiators serve as an efficient solution to increase radiative surface area, and therefore
increase net radiative heat transfer. However, deployable radiators use moving parts, and present an
addition to weight in the form of hardware. In addition, the system which deploys the radiator can be
unreliable. While they present a good solution, a system which is able to meet thermal management
requirements without deployable radiators is preferred.
Heat pipes utilize the principles of thermal conductivity and phase transition to transfer heat across
a gradient. As with thermal louvers, they are used on bigger satellites, and are currently too bulky
heavy for applications on small CubeSats.
NASA researchers also mention a number of active thermal systems. They will not be investigated
because systems which do not use energy are preferred, especially in small form factor applications.
In conclusion, out of the thermal management systems outlined by NASA, the only systems that lend
themselves well to beam energy dispersion are: metalized tapes to improve radiation, thermal straps
(if necessary) to improve conduction, and deployable radiators (if necessary).
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2.4

Heat Buildup

As mentioned previously, if a CubeSat was charged by beam energy, a heat conduction path would need
to transfer thermal energy from the radiative panel to the emitor panels. Figure 3 shows a schematic
of the heat transfer in an example 1 U CubeSat. The CubeSat shown is publically available online [15].

Figure 3: Heat flow path in 1U CubeSat. NOTE: Only half of the heat flow path is shown.
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The heat transfer path between the solar cell panels and the radiation emitter panel should have a
low thermal resistance. In order to decrease added weight by emitting external components such as
thermal straps, an optimal solution would use the frame of the CubeSat as a heat conduction path.
The heat flow path from the beam panel to the radiator panel is expressed in terms of local resistance
types in Figure 4.

Figure 4: Heat flow path within a 1U CubeSat in therms of resistance types

As stated previously, equation 4 can be used to solve for the temperature of the emitter panel required
to emit q energy by means of radiation. A modified version of equation 4 is shown below.


Ts =

q
Ap ∗  ∗ σ

1/4
(6)

The temperature difference across panels and across the frame members can be calculated using
the thermal conduction resistance equation (modified Fourier’s Law), assuming a linear temperature
gradient. L is defined as the length of the member. Acs refers to the cross sectional area of the member.

Ti − Ti−1 =

L∗q
K ∗ Acs

(7)

The temperature difference across a junction corresponds to the decrease in conductivity when two
materials are attached together by means of mechanical fasteners. The junction resistance is primarily
a function of applied pressure, material, surface roughness, and interstitial fluid, and is found empirically [16]. In this application, there is no interstitial fluid, since the CubeSat operates in a vacuum.
This temperature difference can be calculated using the following equation. Rj refers to the thermal
resistance and Ac refers to the contact area. This equation is only valid when Rj is a function of area.
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Ti − Ti−1 = Rjunction ∗ Ac ∗ q

(8)

Using these equations, the temperatures throughout a CubeSat can be estimated given a q, Rj , and
dimensional values. Table 4 shows the temperatures at various locations specified in Figures 3 and 4.
11.3 W was used for q. A relatively low value of .002 W/m2 K was used for the junction contact resistance as to now exaggerate results [16]. In this example, the heat generated by solar flux is ignored.
Two faces are assumed to serve as emitter panels and 1 to serve as a beam panel. The other 3 faces on
a CubeSat could be used for solar power collection or instrumentation purposes. The cross sectional
and contact areas were estimated based on the example CubeSat referenced earlier [15]. Detailed
calculations can be referenced in appendix A.

Table 4: Temperature at various locations throughout a 1U CubeSat

While such high temperatures can overheat internal components, the principle concern is the overheating of solar cells. As observed in Table 4, the temperature at the solar cell panel approaches the 200
◦ C limit of current solar cell technology [13]. In commercially available solar cells referenced earlier,
the temperature sensor upper limit is listed as 150 ◦ C [8]. The efficiency of solar cells decreases with
increased temperature [18]. In addition, solar cells have a peak operating temperature, which depends
on manufacture [13], [8]. Therefore, the solar cell panel temperature should be as low as possible
during beam charging.
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The temperature of the solar cell panel will increase linearly with an increase in beam energy. Figure
5 shows the solar cell panel temp vs. beam charging power.

Figure 5: Solar cell panel temperature vs. beam charging power

Temperature buildup within the frame would harm the solar cells. However, a heated panel will also
radiate energy within the CubeSat, heating up vital internal components, and potentially jeopardizing
a mission. Please refer back to Table 1 for listings of common satellite components and their operating
temperatures.

2.5

FEA simulation of Existing CubeSat

The above scenario was simulated using ABAQUS CAE. The CubeSat CAD was first defeatured,
eliminating rounded edges. The CubeSat was meshed using a 4 noded linear heat transfer tetrahedron
(DC3D4 element). A thermal load of was 1160 W/m2 was applied uniformly to the bottom face of
the CubeSat frame, which corresponded to the 11.3 W applied in the example referenced earlier. A
radiation interaction was imposed on the side panels. An emissivity of 0.8 was used, matching the
emissivity used previously. A junction resistance interaction was imposed on each junction, equalling
.002 m2 K/W , matching the junction resistance used previously. The results of the FEA simulation
can be referenced below in Figures 6 and 7.
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Figure 6: Net Temperature in a defreatured CubeSat structure given a thermal load. NOTE: The
temperatures listed in the dialog above are in Kelvin.

As observed in Figure 6, the base panel of the CubeSat is where the thermal load exhibits the maximum temperature. There is a temperature gradient between within the vertical frame member. Table
5 shows FEA results in comparison to analytical results specified previously. The FEA results were
derived by probing nodes close to the locations specified in Figure 3.

Table 5: FEA results in comparison to analytical results specified previously. Temperatures are in
Kelvin.
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Figure 7: Heat flux level throughout a defeatured CubeSat structure given a thermal load.

As observed in Figure 7, the maximum heat flux occurs where the cross sectional area is the smallest;
at the base of the vertical structural beam members. The different shades of blue on the radiator
panel show how much energy is emitted from each element on the radiative panel.

2.6

Thermal Resistance

The temperature buildup on the solar cell panel temp is due both the radiation panel bottleneck and
the thermal resistance between the solar cell panel and the radiator panel. What follows is an analysis
of the design changes that could improve the thermal conductivity within the CubeSat frame and
emissivity of the radiator panel.
As discussed previously, emissivity can be increased by the use of radiative coatings or metallic tapes
[14]. As observed in equation 4, the energy emitted is a linear function of the panel area. Therefore,
increasing the surface area would increase the energy emitted.

Rtotal = Rconduction + Rjunction
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(9)

Rconduction =

Ti − Ti−1
q

Rjunction =

Rtotal =

Ti − Ti−1
q

T0 − T6
q

(10)

(11)

(12)

The thermal conductivity is composed of the natural thermal resistance, modeled by a modified version
of Fourier’s law (equation 7) and the junction resistance (equation 11). Please note that equation 11
is a modified version of equation 8, and expresses the resistance for the specific junction and therefore
is not a function of area. Since the resistances act in series, equation 12 expresses the total resistance.
As discussed previously, thermal straps can be used to provide a “pipeline” of heat flow. Therefore,
the heat would flow in parallel to the frame from the solar cell panel to the radiator panel. However, thermal straps would add weight and increase the complication of the interior of the CubeSat.
Therefore, modifying the frame of the CubeSat to optimize it for heat flow would be preferable. It
is worth noting that the temperature of the system is constrained by the temperature of the radiator
panel, which can be calculated using equation 6. Improving thermal conductivity would decrease
the temperature difference between the solar cell panel and radiator panel. Figure 8 shows the temperature of the solar cell panel as a function of total resistance, which was calculated using equation 12.
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Figure 8: Solar cell panel temp vs. total thermal resistance given a q of 11.3 W.

The resistance value of 8.21 K/W corresponds to the current value calculated from the example CubeSat used previously. As expected, when the thermal resistance is 0, the solar cell panel temperature
matches the temperature of the radiator panel (69.99 ◦ C).

Rconduction =

L
K ∗ Acs

(13)

In order to decrease thermal resistance, junction resistance should be eliminated . Equation 13 combines Equations 10 and 7. As observed, in order to decrease conduction resistance, cross sectional
area and the thermal conductivity constant should be maximized while length should be minimized.
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3
3.1

Requirements For a New CubeSat Design
Thermal Requirements

As observed in Table 1, the maximum survival temperature of low temperature components (such as
batteries, IR detectors, and Solid State Particle Detectors) is 35 ◦ C. Therefore, a redesigned CubeSat
should not allow the internal portion of the frame to exceed this temperature. The CubeSat should
be loaded with as much energy as possible in order to not exceed the 35 ◦ C internal temperature
benchmark. In addition, the solar cell panel should not exceed 150 ◦ C, corresponding to the upper
operating limit on a commercially available CubeSat solar cell.

3.2

Weight Requirements

In accordance to NASA requirements, a CubeSat may not weigh more than 1.33 kg per U [26]. This
includes the frame and whatever internal components a mission requires. The example CubeSat which
has been referenced throughout this paper weighs 98 grams, which corresponds to 7.3% of the total
weight allowed. A additively manufactured CubeSat should match this weight, or weigh less.

3.3

Design Requirements

The concept of a CubeSat was first proposed by professors Jordi Puig Sauri of California Polytechnic
Institute and Bob Twiggs of Stanford University in 1999 [27]. Since then, the CubeSat has become a
universally accepted standard. All CubeSats are deployed from a predesigned device. Commonly, the
Poly Picosatellite Orbital Deployer, often referred to as a P-POD is used. Figure 9 shows two views
of a P-POD. The Cubesat Design Specification (attachment 1) lists the requirements for a satellite to
be an approved CubeSat. Although there are many specifications, the ones deemed most applicable
to this project are listed below.

Figure 9: The P-Pod. Source: [Attachment 1]
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3.3.1

General Responsibilities

• All parts must remain attached to the CubeSats during launch, ejection, and operation. No
additional space debris may be created.
• CubeSats must be designed to minimize jamming in the P-POD.
3.3.2

Mechanical Requirements

• Each side of a CubeSat has a nominal length of 100 mm.
• The center of mass of a CubeSat must be within 2 cm of its geometric center.
• Rails must be smooth and edges must be rounded with a minimum radius of 1 mm.
• At least 75% (85.125 mm of a possible 113.5 mm) of the rail must be in contact with the P-POD
rails. 25% of the rails may be recessed and NO part of the rails may exceed the specification.
• All rails must be hard anodized to prevent cold-welding, reduce wear, and provide electrical
isolation between the CubeSat and the P-POD.
• Deployables must be constrained by the CubeSat. The P-POD rails and walls are NOT to be
used to constrain delpolyables.
• The CubeSat structure must be compatible with the P-POD.
• Separation springs must be included at designated contact points. Spring plungers are recommended.
• Rails shall have a minimum width of 8.5 mm.
• Rails will have a surface roughness less than 1.6 µm.
Figure 10 shows the dimensional specifications of a CubeSat.
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Figure 10: Dimensions of a 1U CubeSat. Source: [Attachment 1]

3.4

Structural Requirements

Structural requirements of CubeSats are well researched and documented. A satellite experiences
maximum forces during launch, and therefore must be designed to withstand these loads. Launch
forces are mission specific, however, in the absence of specific loads, the NASA general environmental
verification standard (GEVS, GSFC-STD-7000) can be used to derive structural, among other, requirements [29]. Table 6 outlines some of the testing requirements completed on satellites, as outlined
in GEVS.
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Table 6: Testing requirements of CubeSats, as outlined in GEVS. The requirements listed as A require
analysis, while the requirements listed as T require varying levels of testing. Source: [29]

The scope of the NASA test plan is understandably broad. The goal of this CubeSat redesign is to
produce a viable alternative to current CubeSat frames. The first step in the structural validation is
ensuring that the structure can withstand the g-forces induced during launch. In Table 7, the maximum axial load is listed as 8.3 g. Therefore, the CubeSat frame should withstand this acceleration
and not yield. However, vibration loads during launch induce the greatest forces in the structure.
Validating a structure for vibration loads is a involved task and will be discussed further below.
In order to conduct a vibration analysis, the natural frequency of the frame must be found. Resonance
occurs when a maintained sinusoidal forcing frequency is the same as the system’s natural frequency.
In other words, resonance is an equilibrium condition in which the energy added by the next cycle of
input is balanced by the energy lost from damping [25]. Therefore, a full modal survey up to 2000
Hz should be conducted. The natural frequency of the system should be kept as low as possible. The
Eurockot spacecraft design and verification guide lists 15 Hz in the lateral direction and 33 Hz in the
axial direction as the minimum natural frequency of the system [32]. The redesigned CubeSat should
have a minimum natural frequency of 100 Hz, which is a conservative 3 times the upper limit listed
in the Eurockot specification.
After identifying the modes (resonant frequencies), they should be used in a frequency response sim29

ulation to determine maximum Von Mises stress at the maximum loading case. According to the
Eurockot spacecraft design and verification guide, the factor of safety used should be 1.25. The frame
should be fixed at the points of contact between the deployer and its rails as this is where vibration
is introduced into the structure during a launch scenario [23]. Table 7 lists the loads induced during
a satellite lifecycle [11]. The maximum axial load listed is 8.3 g. The maximum lateral load listed is
1.5 g. Therefore, the CubeSat frame should be tested to these load cases.

Table 7: Loads induced during satellite lifecycle. Source: [11]

The requirements for a redesigned CubeSat are summarized in Table 8.
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Table 8: Redesigned CubeSat Requirements.
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4

Manufacturing of CubeSats

CubeSat frames are primarily CNC machined. The design constraints associated with milling are
well documented and numerous. Milling requires the CubeSat frame to be assembled out of sections,
leading to junction resistance. Milling cannot generate hollow shapes. Such shapes have better structural performance in some cases. An example of a simple design leading to a difficult manufacturing
process can be observed in a PolySat 1U frame. The mission required a camera hole to be drilled a
hole angled at a non orthogonal angle to the bottom plane [19]. Such a milling operation required
complex fixturing. The CAD model for this of this part is shown in Figure 11, along with a CAM
toolpath. Such constraints call for a different design and manufacturing method.

Figure 11: Bottom portion of a PolySat 1U CubeSat Frame. Source: [19]

4.1

Additive Manufacturing

Additive manufacture is a manufacturing process which is defined by the production of a part by
building the shape requested in a layerwise fashion, rather than removing material. Additive manufacturing is best suited to parts which require customization and are produced in low volume. From an
economic perspective, CubeSats would be an ideal candidate for an additive manufacturing redesign.
Additive manufacturing would allow for a redesign of a CubeSat frame to optimize a necessary heat
flow path.
A number of researchers have investigated the use of additively manufactured CubeSat frames [21]
[22]. However, composite materials were investigated. Most notably, Windform R XT was used in
both articles referenced. Daniel Fluitt notes that utilizing additive manufacturing in CubeSat produc-
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tion not only allows for unlimited design freedom, but also allows for cost reduction [21]. Researches
at the University of Patras in Greece printed a CubeSat frame using polyetherimide [24]. They found
that structural requirements can be met, while assembly complication and weight can be reduced by
utilizing additive manufacturing technologies.
As will be observed later in this paper, the CubeSat redesign is composed of two structures; a integrated panel and a 1U frame. Theoretically, the 1U frame could be printed using a polymer while
the panel could be printed using a metal. Therefore, the thermal management system (the integrated
panels) would still have high conductivity. However, there are two problems with such a design. If
a CubeSat has heat generating components, heat cannot be funneled to the integrated panels using
a polymer frame, as opposed to a metal frame. Composites have very low thermal conductivity and
therefore do not provide an efficient heat conduction path [24]. In addition, depending on the peak
temperature specification of the internal components, if both components were made of aluminum,
the integrated panel and the structure could be printed already linked. This would eliminate all assembly. Therefore, for the purpose of this paper both the CubeSat structure and the integrated panels
will be assumed to be made of aluminum. Figure 12 outlines commonly used additive manufacturing
processes, classified based on material type and print head dimension [20].
Composites have very low thermal conductivity [24] and therefore do not provide an efficient heat
conduction path. Aluminum is already used as the material of choice for CubeSat frames and could
be additively manufactured using a variety of different processes [15]. Figure 12 outlines commonly
used additive manufacturing processes, classified based on material type and print head dimension.

Figure 12: Commonly used additive manufacturing processes. Source: [20]

33

Out of the methods presented, only the following can print in aluminum. A short description follows
each additive manufacturing process.

4.1.1

Material Jetting

Material jetting involves printing a liquid, and then curing it using UV light or allowing the substance
to cool and solidify. Material jetting is used mainly to print polymers and ceramics, although it has
been used for electronics soldering. There has been one research group which has succeeded in printing aluminum using pulsing argon gas. However, the part was only 92% dense. In addition, material
jetting aluminum is still not widespread. Therefore, it is not a suitable process for manufacturing a
CubeSat frame [20].

4.1.2

Binder Jetting

Binder jetting consists of printing a binder into a powder bed in a layerwise fashion, eventually ending
up with a part. After printing, the part needs to be sintered as to burn off the binder and bind the
part together. The parts end up being very porous and inaccurate. Therefore, binder jetting is not a
suitable process for the manufacturing of a CubeSat frame [20].

4.1.3

Directed Energy Deposition

Directed Energy Deposition is a process which uses a laser, electron beam, or plasma to melt a powder
or a wire, which is being deposited. The advantage of direct energy deposition is that microstructure
can be changed in stu by altering the laser power and therefore the solidification rate. In addition,
DED can print complex alloys. The disadvantage of DED is that the build rate is very slow (25 - 40
grams/hr) and the resolution is very poor, with tolerances of around .25 mm. While DED could be
used to print a CubeSat frame, it is not an ideal choice [20].

4.1.4

Powder Bed Fusion

Powder Bed Fusion Process consists of a powder bed which is melted in a layerwise fashion by either
a laser or a electron beam. The accuracy and surface finish of the process depends on the powder size,
but can reach acceptable accuracy depending on process parameters. For the scope of this project, a
tolerance of .1 mm is required as listed in the CubeSat Design Specification (attachment 1). Powder
bed fusion can be used to print a variety of different aluminum alloys. When using a electron beam as
the energy source, a vacuum must exist in the print chamber. In addition, feature resolution is poor
when using an electron beam. Therefore, Metal Laser Sintering is a acceptable process to be used for
manufacturing a CubeSat frame. A schematic of the Power Bed Fusion process can be observed in
Figure 13.
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Figure 13: Powder Bed Fusion process. Source: [20]

4.2

Materials

The number of aluminum alloys compatible with MLS (metal laser sintering) is severely limited [30].
AlSi10Mg is a very popular alloy used within the additive manufacturing industry. It is also a well
researched alloy; the material properties are readily available. For the purpose of the following validations, the material properties used will be those of AlSi10Mg. Table 9 shows some select material
properties; the full Material Data Sheet can be referenced in attachment 2.
Table 9: AlSi10Mg material properties.
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5

Design of 1U Frame

The redesigned 1U frame mimics the CubeSat frame referenced earlier in this report; having 4 vertical
support beams and 2 horizontal structural members. In a linear global load scenario (linear acceleration), the vertical support members can be considered fixed. Therefore, the critical stress location
rests in the horizontal structural members. In order to generate stiff members which also limit weight,
Fusion 360 topology optimization was used. A load of 102 m/s2 was applied to the panels, while
connections to the vertical supports were considered fixed regions. The simulation used standard
tetrahedral elements. The results of the topology optimization of the top panel can be observed in
Figure 14.

Figure 14: Topology optimization results on bottom member.

The topology optimization resulted in a 25% weight reduction of the horizontal members without
sacrificing critical structural integrity. The mesh resulting from the topology optimization was sent
to the modeling workspace, where unnecessary material was manually extruded away. The redesigned
panel was then imported into a SolidWorks assembly, which was used to mate all components of the
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redesigned CubeSat together. Lastly, the assembly was exported as a part file. After combing all the
bodies, fillets were applied to provide stress concentration relief. The final redesigned 1U structure
can be observed in Figure 15.

Figure 15: Redesigned 1U CubeSat frame.

Material was not extruded off of two members located on the top horizontal panel. These members
are to serve as connection points for the integrated thermal panel. Material was extruded from within
the vertical members in order to decrease weight.
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6

Validation of 1U Frame

6.1
6.1.1

Structural Validation
Modal Analysis

The modal analysis of the entire structure was conducted in Fusion 360, due to the ease of meshing
and software operation. The goal of the modal analysis was to find the lowest resonant frequency of
the structure, and check that it is above 100 Hz, as specified in the structural requirements specified
in Table 8. The CubeSat was meshed using standard Fusion tetrahedral elements. The results of the
modal analysis can be observed in Figure 16.

Figure 16: Modal analysis results.

As observed in Figure 16, the simulation predicted the first model frequency to occur at 1.097 ∗ 10−4
Hz. The second modal frequency occurred at 205 Hz. As can be easily deduced, the first modal
frequency is far below the modal requirement of 100 Hz specified in Table 8. Therefore, the structure
cannot be validated according to this simulation. Further analysis by a CAE expert engineer is necessary to validate this structure in regards to resonant frequencies.
This CubeSat frame is designed to be used with the integrated thermal panel, which will be presented
later in this paper. If these panels were installed, the modal frequencies would change. In addition,
components attached within the structure frame would act as dampers therefore change the modal
frequencies. The modal analysis completed in this section is symbolic. The modal frequencies will be
mission specific.

6.1.2

Dynamic Analysis of Top Piece

A linear global load was applied to the bottom part of the frame to ensure that the part can withstand
g forces that arise from a launch. The bottom part has less material than the top part, and therefore the critical point of potential failure was assumed to occur on the bottom part. Analyzing just
this part rather than analyzing the entire 1U frame allowed for easier meshing and a simpler overall
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simulation. Before conducting the simulation, the part was defeatured. A acceleration of 103 m/s2
was applied to the entire structure. The faces of the part which connect to the vertical members were
fixed on all degrees of freedom. The simulation was conducted in ABAQUS CAE, and the 8 node
linear brick (C3D8R) element type was used. The results can be referenced below in Figure 17. In order to validate the FEA results, a hand calculation was completed and can be referenced in appendix B.

Figure 17: Global load FEA results. NOTE: The stresses listed in the dialog above are in Pascals.

According to the FEA simulation, the max stress would occur in the corners shown in red. However,
this is inaccurate because, as can be referenced in Figure 15, a large fillet facilitates the connection
of the vertical members to the horizontal members. Therefore, the realistic max stress occurs in the
middle of the horizontal members. According to the FEA simulation, this stress is approximately .19
MPa, which is three orders of magnitude below yield, as can be referenced in Table 9.

6.1.3

Vibration Analysis on Top Piece

In order to test the frequency response of the frame, a vibration analysis was performed in accordance
with the requirements listed in Table 8. As can be referenced in Figure 15, the fillets that link mem39

bers together are large (8 mm radius). The connections between members were disregarded as critical
points of failure. Therefore, only the bottom panel was tested for failure due to random vibration.
The FEA vibration analysis was involved, and simplifying the 1U frame down to a single part allowed
for a more accurate simulation. The vibration analysis was conducted in ABAQUS CAE. The part
was defeatured in Fusion 360 and then imported to ABAQUS in the .step file format. It was a two
step process; the first consisting of a frequency analysis of the first 15 eigenmodes (on the top piece)
and the second consisting of a steady state dynamic analysis. The frequency range of interest was 0
to 2000 Hz. The part was meshed using an 8 node hexagonal linear brick (C3D8R) element type. The
part was assumed to be fixed on all degrees of freedom where it attaches to the vertical member. The
ABAQUS view of the boundary conditions can be observed in Figure 18 below.

Figure 18: Boundary conditions imposed on part in vibration analysis.

Table 8 specifies a maximum g load of 8.3 to be cycled at a random vibration. When this is coupled
with a factor of safety of 1.25, an acceleration of 103 m/s2 is calculated. Rather than applying a
cyclical load, a cyclical displacement was applied. The displacement was derived using results from
the dynamic analysis, discussed in the previous section. This displacement was 1 ∗ 10−6 m. The displacement was applied nodally as a boundary condition to the smallest cross sectional area observed
in the part, as to account for the highest stress scenario. The analysis was run from 0 to 2000 Hz with
an increment of 2 Hz. The results of the random vibration analysis can be observed in Figure 19.
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Figure 19: Vibration Analysis Results.

As can be observed in Figure 19, the maximum response occurs at 850 Hz and 1950 Hz. The response
max magnitude is 1.5 ∗ 108 Pa. The stress is still below the yield stress.
In previous sections where FEA was utilized, analytical solutions were presented in the form of appendices to provide a ”sanity check” of the FEA results. In this case analytical results cannot be
computed due to the complexity of the math required.

6.2

Weight Validation

The redesigned CubeSat would weigh 101.62 grams. This is 3.62 grams above the requirement goal.
Weight could eliminated from the CubeSat by creating smaller fillets or by eliminating more material from the horizontal members. However, each gram of material removed compromises structural
integrity. The 101.62 gram design can be thought of as “conservative”; future designers may feel
comfortable eliminating more material.

6.3

Design Validation

The redesigned CubeSat structure complies with most of the requirements listed in the CubeSat design specification. The center of mass is located .02 mm below the structure’s geometric center. In
order to comply with the CubeSat design specification, the rails must be hard anodized. Anodizing
AlSi10Mg is possible, but is difficult due to the high percentage of silicon [31]. This problem is still
being investigated by researchers, and a industry wide robust anodizing process for AlSi10Mg may
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be available in the future. The CubeSat design specification also calls for separation springs to be
included in designated contact points. The goal of this project was to pilot a prototype design, and
therefore separation springs were not included. However, relevant hardware should be accounted for
in future designs.

6.4

Thermal Validation

The CubeSat frame will be protected from laser radiation by the integrated thermal panel. Therefore,
the only source of heat within the CubeSat would be from internal components. For the sake of this
project, internal heat generation will be ignored. Therefore, a thermal analysis of the 1U structure is
not necessary.
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7

Printing the Frame

After the validation was completed, the 1U frame was exported to Magics software in a .stl file format.
The structure had to be rotated in order to accommodate the 125mm x 125mm x 125 mm build area.
Both line and contour support types were generated to provide both structural and thermal support
during the printing process. As isometric view of the structure can be referenced in Figure 20. Please
note that the red signifies support material.

Figure 20: CAM for a CubeSat Frame.

The 1U frame was printed using a SLM 125HL. The frame was printed in 316L stainless steel. As
mentioned previously, the material of choice for the CubeSat frame would be AlSi10Mg. However, the
SLM printer at Cal Poly is currently configured to print 316L stainless steel, and changing materials
within the machine is a very involved process. Printing the structure using steel provides a prototype
as to what a 3D printed CubeSat would look and feel like. Figures 21 and 22 show the CubeSat before
and after support removal.
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Figure 21: CubeSat Frame before support removal.

The contour support type was very dense. Therefore, the 1U Frame printed without any visible
warpage. The vertical members are a bit deformed at the very top of the frame, as can be observed
in Figure 21. This may be due to heat effects. During printing, the SLM 125HL ran out of powder
and had to be refilled, pausing the print. Another possible cause of the dimensional inaccuracy of the
vertical member is that the SLM 125 induced an error when resuming printing after being refilled with
powder. The support material was removed using a chisel and a hammer. After support removal, the
1U frame was removed from the build plate using a band saw. Lastly, the structure was polished.
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Figure 22: CubeSat Frame after support removal.

After printing, the 1U frame should undergo a CMM analysis to check for dimensional accuracy. The
CMM analysis is out of the scope of this project and therefore was not completed.
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8

Design of the Integrated Thermal Panel

The goal of the CubeSat redesign is to decrease the thermal resistance between the beam charging
panel and the radiative panel. As mentioned previously, the temperature buildup in a CubeSat is due
to radiation resistance and the conduction resistance within the CubeSat frame. Using additive manufacturing allows the integrated thermal panel to be printed in one piece, eliminating junction resistance.
After completing the design of the 1U frame a U shaped integrated panel was designed. The panel
hugs the bottom and side edges of the 1U structure. The integrated panel part can be observed in
Figure 23. The total assembly can be observed in Figure 24.

Figure 23: Integrated thermal panel.
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Figure 24: Total CubeSat assembly.
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9

Validation of the Integrated Thermal Panel

9.1
9.1.1

Structural Validation
Modal Analysis

A modal analysis was not completed on the integrated panels because they would be attached to the
1U frame, and the entire assembly would have its own set of resonant frequencies.

9.1.2

Vibration Analysis

As mentioned in the Modal Analysis section, the integrated thermal panel would be attached to the
1U frame through a connector, which is further discussed in the Validation of Assembly section. The
connector would be a likely point of failure given a vibration load, given the stress concentration that
would arise from such a geometry change. The vibration loads transferred from the 1U frame to the
integrated panels would be highly dependent on the connector type. The connector type is currently
unknown. Therefore, a vibration load was not conducted on the integrated thermal panel.

9.1.3

Dynamic Analysis

As in the 1U frame, a linear global load was applied to the integrated panels to ensure that the material
can withstand g forces that arise from a launch. A acceleration of 103 m/s2 was applied to the entire
structure. The top portions of the integrated panels were fixed on 3 translational and 2 rotational
degrees of freedom. The simulation was conducted in ABAQUS CAE, and the 10 Node Quadratic
Tetrahedron (C3D10) element type was used. The results can be referenced below in Figure 25. In order to validate the FEA results, a hand calculation was completed and can be referenced in appendix C.
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Figure 25: Analysis results of integrated panels under a linear body load. Note: The stress listed is
in units of Pascals.

As observed in Figure 25, the Von Mises Stress is two orders of magnitude below the yield stress of
AlSi10Mg. If a designer wanted to structurally reinforce the panels, a lattice stucture could be added.

9.2

Thermal Validation

Since the only resistance that exists between the radiative and solar cell section of the integrated panel
is conduction resistance, calculating the steady state temperature given a thermal load is relatively
simple. To calculate the temperature of the radiative section of the panel, equation 4 can be used. The
values used in this calculation match those used previously; except for the area which was changed to
correspond to the area of the redesigned panel. The values used in the temperature calculation can
be referenced in Table 10.

qout = A ∗  ∗ σ ∗ Ts4
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Table 10: Values used in Solar Cell Temperature Calculation.

The temperature of the radiative part of the panel will equal 86.95 ◦ C. The temperature of the solar
part of the panel can be calculated using equation 7. The values used in this calculation can be
referenced in Table 11.

Ti − Ti−1 =

L∗q
K ∗ Acs

Table 11: Values used in solar cell panel temperature calculation.

The temperature of the bottom of the integrated panel will be 127.9 ◦ C. This value is 35 ◦ C cooler
than the solar panel of the example CubeSat referenced earlier. If a designer wanted to increase the
thermal conductivity, a lattice structure could be added.
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9.2.1

Thermal FEA Analysis

In order to further investigate the thermal distribution observed in the above calculations, a thermal
FEA simulation was run in ABAQUS CAE. The model did not need to be defeatured because it was
already very simple. A distributed thermal load equivalent to 11.3 W was applied to the bottom
panel. A radiation interaction with a emissivity of 0.8 was applied to the side panels. A 4 node linear
heat transfer tetrahedron (DC3D4) element type was used. The results of the FEA simulation can be
observed below in Figure 26.

Figure 26: FEA thermal simulation of the integrate panels. Note: The temperatures in the top left
are in Kelvin.
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The temperature of the solar cell panel is predicted to be around 15 ◦ C cooler in the FEA simulation
than in the analytical predictions. This is due to the fact that the thermal load on the solar part of
the panel is distributed, rather than applied at a point. In addition, the analytical predictions assume
a uniform temperature on the radiative panels. In reality, there will be a temperature gradient as
observed in Figure 26.

9.2.2

Head Dissipation Improvement

As specified in Table 8, the maximum temperature of the solar cell panel must be below 150 ◦ C. Using
the FEA models of the defreatured publicly available CubeSat (Figure 6) and the integrated panels,
the maximum value of the heat load was found for each design. The publicly available CubeSat is
able to dissipate 10.7 W of energy before crossing the 150 ◦ C threshold. The redesigned CubeSat is
able to dissipate 15.5 W of energy before crossing the 150 ◦ C threshold. The redesigned CubeSat is
able to charge with 45% more power in a beam charging scenario.
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10

Lattice Testing

The design freedom granted by additive manufacturing allows for engineers to harness the mechanical
properties of complex shapes. In the past decade, lattices have been extremely well researched. The
main benefit of lattice structures is that they have a very high load capacity to weight ratio [20]. A
lattice could be used to structurally reinforce the 1U thermal panel. The perfect lattice would be very
thermally conductive but at the same time very light.
Researchers at the University of Virginia investigated the thermal properties of a lattice with promising results, finding that lattices served as effective heat pipes [28]. However, the researchers were
testing these lattices in a convective environment, and therefore did not account for the vacuum of
space.
There are a number of different ways the thermal conductivity of lattice can be quantified. As with
any material, the heat propagation throughout a solid can be modeled using the heat equation. The
1D version of the heat equation is shown below.

d  dT 
dT
K
+ q = ρc
dx
dx
dt

(14)

In this equation, K is the thermal conductivity of the material, q is the internal heating, ρ is the
density, and c is the specific heat. If the material experiences no internal heating and is at steady
state, the heat equation is simplified to become equation 15 shown below.

d  dT 
K
=0
dx
dx
From this equation it is evident that
as shown below.

dT
dx

(15)

will be a constant. Therefore, Fourier’s law can be modified

q = −K ∗ A ∗

dT
dx

∆T
L
=
q
K ∗A
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(16)

(17)

Equation 17 is the thermal resistance equation used earlier in this paper. However, in this case, the
object being analyzed is lattice without a readily available value for both L and A. As mentioned
previously, the goal is to find a lattice which has the lowest thermal resistance per unit of weight. In
order to find such a lattice, two methods will be discussed.

10.1

Vector Solution

A lattice is a series of beams linked together at common sections called nodes. The beams are arranged
in units. The beams in each unit are oriented in a specific pattern. In order to measure how much
“length” in each beam is oriented in the direction of heat transfer, the following equation can be used.

kf inal

X

~ · P~
V

(18)

k=0

V is a vector representing each beam in a global coordinate system. P is the direction of desired
heat transfer. In order to account for the total length of all the beams, equation 19 can be divided by
the sum of the magnitudes as shown below. This value will be equal to variable R, relative conductivity.

P~ ~
V ·P
R= P
~k
kV
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(19)

10.1.1

Vector Solution Example

Figure 27: Example lattice structures.

Two 2D lattice segments can be observed above. The big arrow indicates the direction of heat transfer.
The value relative conductivity for the left lattice will be nothing more than the value calculated below.

Rlef t

6 ∗ cos(30) + 3.46 ∗ cos(60)

=
6 + 3.46



Rlef t = .732
The relative conductivity value for the right lattice is calculated below.

Rright

6 ∗ cos(60) + 6.78 ∗ cos(50)

=
6 + 6.78

Rright = .5757
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From these values, it can be observed that the left lattice is more conductive per unit length.
Unfortunately, deriving the vectors of each individual lattice can be difficult. The lattice software
used for this project, nTopology, does not have a feature which outputs beams as vectors. However,
if such a feature is developed, a simple matlab code could compute the relative resistance.

10.2

FEA Solution

The thermal resistance of a lattice can be derived using a simple FEA analysis. Two things are necessary to generate a lattice; a base shape and a rule. The thermal resistance of the lattice would simply
be the temperature difference across the ends divided by the amount of energy crossing through the
lattice. This relationship is shown in equation 20 below.

Resistance =

∆T
q

(20)

In order to find this temperature difference, a lattice can be meshed with simple truss elements. Two
such truss elements are shown in Figure 28 below. Points 1, 2, and 3 represent nodes.

Figure 28: Two truss elements.

The relationship between the heat flux (q) and temperature within beam has been discussed throughout this paper (reference equation 7). The matrix version of this equation 7 can be referenced below.

  
  
q1
KA/L −KA/L
0
T1
q2  = −KA/L 2KA/L KA/L ∗ T2 
q3
0
−KA/L KA/L
T3
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By applying proper boundary conditions, the heat flux and temperatures at each node can be calculated. Such a calculation was conducted in ABAQUS CAE.
This thermal resistance will be a function of the specific lattice rule and shape from which each lattice was generated. In the FEA simulation conducted for this project, the shape from which the
lattice was generated was a 10mm x 10mm x 50mm extruded rectangle. nTopology was used to generate the lattices. The selection of rules built into the nTopology software can be referenced in Figure 29.

Figure 29: Lattice rules available in nTopology.
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10.2.1

FEA Solution Example

For the thermal resistance study, Cubic Fluorite, Cube Vertex Centroid, Hex Prism Laves, and Tet
Oct Edge were investigated. The 1U structure of each of these lattices can be referenced below.

Figure 30: Unit structure of lattice types. Hex Prism Laves (Top Left), Tet Oct Edge (Top Right),
Cubic Flourite (Bottom Left), Cube Vertex Centroid (Bottom Right).

These 4 lattice generation rules were selected as representative rules from each “ruling family”, which
are Cube, Cubic, Hex, and Oct. An example of the 10 x 10 x 50 extruded shape converted to Cubic
Fluorite lattice rule can be referenced in Figure 31.
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Figure 31: Cubic Flourite Test Coupon.

After generating a lattice from the extruded shape, each lattice was exported to ABAQUS. The
nTopology software was able to facilitate this process by exporting the lattice as a series of beam
elements in a ABAQUS input file (.inp). Within ABAQUS, a profile of area .785 was applied to each
beam, corresponding to a 1 m diameter. Such a large diameter was used for scaling reasons; ABAQUS
imported the nTopology file without accounting for a unit change. Therefore, a beam which was 10
mm long in nTopology became 10 m long in ABAQUS. The profile was categorized as a truss. Each
lattice beam was represented by a 3-node quadratic heat transfer link (DC1D3) within the mesh.
Lastly, since the goal was to find which lattice rule is the most conductive (per a given weight) relative
to each other lattice, a material with a thermal conductivity of 1 W/mK was assigned to the profile.
On one side of each lattice, a 60W load was applied. The other side of each lattice was fixed at 273 K
(0 ◦ C). The results of the FEA simulation for the Cubic Fluorite lattice can be referenced in Figure
32 below.
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Figure 32: Results of Cubic Flourite FEA simulation.

After running the FEA simulation, the temperature difference across the lattice was derived, allowing
for a thermal resistance calculation. The thermal resistance of each rule can be referenced in Figure
33. Cube Flourite and Tet Oct edge have the lowest thermal resistance.

Figure 33: Thermal resistance of each lattice structure
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In order to account for the mass of each lattice, the thermal resistance can be multiplied by the mass.
This value would have units of Kg ∗ K/W and in this paper will be referred to as mass thermal
resistance. A graph of the mass thermal resistance for each lattice can be observed in Figure 34.

Figure 34: Mass thermal resistance of each lattice structure.

As can be observed in the graph, Cube Flourite and Tet Oct Edge both have equally low mass thermal
resistance, and therefore are good candidates when choosing a light conductive lattice.

10.3

Empirical Solution

Modeling lattices as meshes in a FEA software is a good method to deriving the thermal conductivity
of a lattice. However, this process takes a long time. What is presented in this section is a method
for quickly predicting the thermal conductivity of a lattice given defining variables.
As mentioned previously, thermal conductive resistance can be expressed using equation 7 as shown
below.

∆T
L
=
q
k∗A
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This formula is valid for objects with a uniform cross section. However, if this formula was applied
to finding the thermal conductivity of a lattice, A and L are ambiguous. To estimate the thermal
resistance of a lattice, the following equation can be used.

∆T
L
=δ∗
q
K ∗A

(21)

In this equation, A is the cross sectional area of the shape used to generate the lattice. L is the length
of the shape used to generate the lattice. The dimensionless scalar delta serves to compensate for
using values of the block to estimate the thermal resistance of a lattice. This value differs depending
on the lattice rule used.
The value of delta was calculated for four lattice rules; Cube Vertex Centroid, Cubic Fluorite, Hex
Prism Laves, and Tet Oct Edge, using results from the FEA simulation discussed previously. These
values can be referenced below in Table 12.
Table 12: Delta (δ1 ) values corresponding to lattice rules.

Using the derived delta values, the thermal resistance of a lattice can be calculated given the dimensions of the shape from which it was derived. However, since the value δ1 was calculated using a lattice
diameter of 1 m, it must be scaled to account for a different diameter using equation 22 shown below.
D is the diameter of the lattice of interest. δ is the value delta of interest.

δ = δ1 ∗

 D 2
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1

D

(22)

10.4

Thermal effects due to Lattice Addition

According to Figure 34, both Cubic Fluorite and Tet Oct Edge lattices are efficient heat conductors
given a unit of mass. Therefore, both of these lattices are valid candidates to serve as a structural
reinforcement on the integrated panels. Thermal effectiveness of the Cubic Fluorite lattice will be
investigated below. However, it is worth noting that both lattices will have a similar thermal effect
per a unit mass. In order to measure the thermal effect of placing a lattice onto the integrated panel,
the lattice will be modeled as running in parallel to the panel, as observed below in Figure 35.

Figure 35: Heat flowing in parallel within a lattice and panel

The thermal resistance through the panel can be calculated using equation 13. This value is .88115
K/W. The thermal resistance through the lattice can be calculated using the model outlined in the
previous section. This value is 4.34 ∗ 107 K/W. The calculations used to find these values can be found
in appendix D. Since the two structures are modeled as running in parallel, equation 23 can be used
to calculate the total thermal resistance.

Rtotal =

Rlattice ∗ Rpanel
Rlattice + Rpanel

(23)

Using this equation, the new total thermal resistance can be calculated to be essentially the same as
the structure without the lattice, around .88115 K/W . This is because a lattice diameter of .4 mm was
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used, which led to an extremely high value of δ1 . Therefore, a lattice provides almost no conductivity
improvement in this application. Please note that this analysis is not completely accurate, since in
reality the thermal load will enter the lattice along all connection points instead of a point at the right
end of the lattice. A more accurate analysis was computed in a FEA simulation, as discussed in the
next section.

10.4.1

FEA Simulation of Panel with Lattice

In order to generate a lattice, a part was needed from which to generate the lattice. Such a part was
designed in solidworks using the structure shown in Figure 23. This structure was then imported into
nTopology as a .stl. After the lattice was edited to remove noncritical beams, it was imported into
ABAQUS as a .inp. Afterwards, the lattice was applied a profile area equivalent to that of a .4 mm
diameter. The lattice was paired to the panel using a constraint interaction. The lattice was meshed
using the quadratic 3 node heat transfer element type (DC1D3). The FEA simulation of the panel
with the lattice was conducted using identical parameters to the simulation shown in Figure 26. The
results of the FEA simulation can be observed in Figure 36.

Figure 36: FEA simulation results of lattice with panel

As predicted in the analytical analysis, the thermal impact of the lattice is minimal. When the system
is loaded with 11.3 W of energy, the maximum temperature difference between the no lattice panel and
lattice panel is .4 K. The Cubic Flourite lattice was chosen based on it’s thermal properties. However,
64

according the the analysis conducted in this section, the thermal resistance of the lattice is too high
to have a meaningful effect. In the following sections, the Cubic Fluorite lattice is analyzed for it’s
structural properties and added to the integrated panel. In the future, engineers should select a lattice
based on its structural properties rather than thermal, considering that the thermal properties have
little to no effect.

10.5

Structural effects of Lattice Integration

Lattice structures are very stiff per unit mass as compared to structures with a uniform cross section
[20]. As stated earlier, adding material to the bottom of the integrated panels will decrease stress
within the structure. However, adding material also increases the body load experienced in a linear
acceleration scenario. In order to investigate the interplay between these two phenomena, the horizontal (bottom) part of the integrated panel can be modeled as a beam with base b, length l, and
height h. The force experienced by the part is the product of the volume, acceleration g, and density ρ.

F = ρglhb

(24)

The normal stress experienced in the part due to a bending moment can be modeled by equation 25,
shown below.

σ=

M ∗y
I

(25)

In a linear acceleration scenario, the force is applied to the center of mass of the panel. M is replaced
with F/2 ∗ b/2. I becomes bh3 . y becomes h/2. Plugging equation 24 into equation 25 and simplifying
yields equation 26 shown below.

σ=

3ρgbl
2h

(26)

From this equation, it is evident that σ will decrease linearly with an increase in height h. However,
this equation assumes that the cross section is solid material. In order to further investigate the
structural effects of lattice addition, a FEA analysis was run in ABAQUS.
The analysis was conducted with identical parameters to the simulation shown in Figure 25. A beam
section was applied to the lattice, along with a circular profile equivalent to a .4 mm diameter. The
lattice was meshed using a linear 2 node beam element type (B31). The lattice was paired to the
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panel using a constraint interaction. The results of the simulation can be observed below in Figure
37.

Figure 37: FEA structural simulation results. Note: The max stress predicted in the left top corner is
an inaccurate measure of the effects of the lattice. It corresponds to a stress concentration occurring
at a single element.

The simulation initially overpredicted the stress within the bottom panel. This was because the
ABAQUS solver would calculate the mass of the lattice based on beams, completely disregarding the
nodes where the beams would meet. Therefore, the mass of the lattice within ABAQUS was effectively
increased by a factor of 5. In order to account for this effect, the density of the lattice was changed
from 2670 kg/m3 to 500 kg/m3 .
The results of the simulation predicted a drop in the bottom panel stress from .9 MPa to .79 MPa,
corresponding to a 12% decrease. The displacement of the bottom panel decreased from .0245mm to
.02177 mm.
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11

Printing the Integrated Thermal Panel

After validation, the lattice referenced in the previous section was applied a .4 mm diameter within
nTopology. The structure shown in Figure 23 was then imported in nTopology as a .stl, and combined
with the lattice using nTopoloy’s built in boolean operators. The entire structure was then meshed and
exported as a .stl into magics software. The integrated panel with the added lattice can be observed
in Figure 38.

Figure 38: CAM of the Integrated Panel.

Since the lattice rests on top of the bottom panel, it was imperative that the bottom panel would
not distort during printing. Therefore, a very dense contour support structure was added. This
support structure is shown in red in Figure 38. After editing the part in the magics software, the
part should be converted to a .slm file which is compatible with the relevant additive manufacturing
machine. Unfortunately, the Cal Poly computer was not powerful enough to convert a complicated
lattice structure from a .stl to .slm file format. Therefore, the part was printed without a lattice. The
completed part can be observed in Figure 39.
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Figure 39: Integrated Panel on build plate.

The panels are 1 mm thick, and therefore have a high surface area to volume ratio. When printing, this
can introduce warping error. The part shown in Figure 39 shows visible signs of print error. Although
the bottom of the part was well supported, some parts of the panel walls which were concave down
were not supported. Therefore, the surface finish on part of the panel is very poor. The rubber
recoater was damaged during the print due to warping. Therefore, part of the corner of a panel was
not printed. The panel was separated from the build plate using a band saw, and can be observed in
Figure 40.
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Figure 40: Integrated Panel separated from build plate.

Both the 1U frame and panel were printed for prototyping and visualizing purposes. The panel shown
in Figure 40, however, is extremely fragile and deformed. Therefore, it needs to be reprinted in the
future.
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12
12.1

Validation of Assembly
Structural Validation

The 1U frame and integrated panels are to be linked using a six hole connector observed in Figure
41. This connector is currently serving as a placeholder. As was mentioned previously, depending on
mission specifications, the 1U frame and integrated panel could be printed together, eliminating the
need for a connector. This would be a valid option in situations where the frame can be heated to
the temperature of the radiative part of the integrated panel. In a situation that requires a cooler
frame, a polymer connector can be used to link the 1U frame and integrated panel. Such a polymer
connector would have high thermal resistance and therefore be able to insulate the frame.

Figure 41: 1U frame connected to integrated panel.

70

Whatever connector is used to attach the integrated panels to the 1U frame would have to pass the
requirements listed in Table 8. This includes a linear body load and a vibration load. An analysis
was not completed on the current connector shown in Figure 41 because it is serving as a placeholder.
Analyzing the connection structure itself is not particularly difficult. However, analyzing hardware,
such as screws, is more involved.

12.2

Weight Validation

The integrated panel would weigh 63 grams. The lattice would add 12.7 grams. Therefore, the total
weight of the structure would be 177.3 grams. The 1U frame and panels would compose 12% of the
1.5kg allowed per U.

12.3

Design Validation

The design validation has already been discussed in section 7.3. By adding the bottom panel, the
center of mass is moved down to 6.7 mm below the geometric center. However, this is still within the
2 cm limit.
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13
13.1

Conclusion
Problem Summary

CubeSat charging is remarkably unoptimized, relying primarily on solar flux. One proposed solution
involves shining a laser beam at one face of a CubeSat. Given that current high performance solar
cells have a peak efficiency of 50%, beam charging leads to excessive energy entering the CubeSat.
The only way for this energy to be dissipated is through radiation into deep space. However, a thermal
conduction gradient builds up in the frame, leading to excessive temperatures.
Additive manufacturing describes the concept of building a 3D part out of a number of 2D slices,
which are built up in the vertical direction. This paper intends to explore the how the design freedom
granted by additive manufacturing can be applied to the redesign of a CubeSat frame, while optimizing the design for beam charging.

13.2

Results Summary

The results summary will reference the objectives listed in the introduction section of this paper.
Objective 1: Quantifying the temperatures that arise from beam charging.
The CubeSat is modeled as a control volume. An energy balance is applied to the CubeSat. Fourier’s
conduction equation and the Steffan-Boltzmann radiative equation are used to model the temeprature
buildup with a current CubeSat frame. These results are mirrored in an FE analysis using ABAQUS
CAE. Given a input energy of 11.3 W, the CubeSat solar cell panel would heat up to 162 ◦ C. The
upper operation temperature of current solar cells is 150 ◦ C.
Objective 2: Generating the requirements for a new CubeSat design.
Four types of requirements are identified: thermal, weight, design, and structural. The weight and
design requirements are derived from the CubeSat design specification (attachment 2). The structural requirements are derived from a number of industry standards. The thermal requirements are
generated based on peak component operating temperature. A summary of the requirements can be
referenced in Table 8.
Objective 3: Redesigning the CubeSat.
A topology optimization is conducted on the redesigned members of the CubeSat. The top member
of the frame experiences a 25% reduction in weight due to the removal of structurally insignificant
material. A compatible integrated thermal panel is added to the frame to serve as the heat dissipation
system. A lattice is added to the panel.
Objective 4: Validating the CubeSat.
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The frame does not pass the modal validation, which was run in Autodesk Fusion 360. This may be
due to an incorrectly set up CAE analysis, or the use of un-robust software. The frame passes linear
acceleration validation, which was run in ABAQUS CAE. The frame passes the vibration validation,
which was run in ABAQUS CAE. The redesigned CubeSat weights 101.62 grams, which is 3 grams
more than a current publicly available CubeSat. The weight can be decreased further by decreasing
fillet radii. The assembly (redesigned frame and panel) complies with the CubeSat design specification rules. The assembly is able to charge with 45% more power than a publicly available CubeSat.
The thermal effects of the lattice addition to the panel are negligible. However, the lattice increases
structural integrity by 12%.
Objective 5: Printing the CubeSat.
The CubeSat frame was printed on an SLM 125HL. Contour support structures were used. The
post processed frame can be referenced in Figure 22. The panel was printed using the same printer.
However, the panel experienced obvious print defects due to part warping and subsequent recoater
damaging. The printed panel can be observed in Figure 40.

13.3

Limitations and Opportunities for Future Work

Designing and validating a CubeSat is a momentous task. Although some work was accomplished,
there are ample opportunities for future work. Some of the tasks that remain unfinished are listed
below.
• The CubeSat could be designed for internal heat generation. This would require collaboration
with mission engineers to determine the magnitude of the component level heat generation, and
where it occurs.
• Metal Laser Sintering allows for a multitude of parameter settings, which can effect material
properties. A study could be conducted with the goal of determining what parameter settings
print a material with the greatest thermal conductivity and conversely, the greatest thermal
resistance.
• The topology optimization shown in Figure 14 could be redone in a more robust software such
as ABAQUS CAE.
• The 1U frame presented in this paper has very large fillets, leading to extra weight. A study
could be conducted with the goal of finding the minimum fillet size, given requirement fulfillment.
• The modal analysis of the 1U frame could be conducted in a more robust software, such as
ABAQUS CAE.
• The dynamic analysis of the top piece of the 1U frame could be redone with the entire CubeSat
frame.
• The vibration analysis of the top piece of the 1U frame could be redone with the entire CubeSat
frame.
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• The CubeSat could be subject to instrumented destructive testing, to confirm analysis predictions.
• The printed 1U frame was never subject to a CMM analysis. The 1U frame could be subject
to such an analysis. The support structure and the parameter settings of the print could be
adjusted to account for dimensional inaccuracies.
• As observed in Figure 26, the top of the integrated panels is not as hot as the bottom. A study
could be conducted to eliminate some of this this area. While this would decrease the area over
which radiation could be emitted, it would also decrease weight.
• The emissivity of AlSi10Mg with different surface finishes could be investigated.
• The model presented in the ”lattice testing” section needs validation. A study could be conducted
to compare the mathematical model to real results.
• Within the ”lattice testing” section of this paper, analysis was conducted to find the most
conductive lattice per unit of mass. Another analysis could be conducted to find the most
resistive lattice per unit of mass. Utilizing the thermal resistance of lattices could be investigated
further.
• The FEA dynamic analysis of the panel and lattice could be redone in a more methodical manner.
As stated in the relevant section, a density of 500 kg/m3 was used to account for the fact that
the ABAQUS software essentially quadrupled the lattice mass by applying beam elements to
the mesh. However, the 5x factor was simply an approximation. A study could be conducted to
find out exactly how much mass ABAQUS adds by applying beam element types.
• The connection between the panel and frame could be redesigned and validated.
• Relevant hardware could be added to the 1U frame.
• The panel could be reprinted with different support material and print parameters. In addition,
a lattice could be included. This may create a more robust part. The lattice was not printed
into the panel in this project due to computer power limitations.
• As mentioned earlier, additive manufacturing is best suited for low volume customizable production. The publicly available CubeSat referenced in this paper costs 1250 euros. The biggest
motivator for 3D printing a CubeSat may be economic. Therefore, a future project could include
an economic analysis, comparing 3D printing of CubeSats to CNC milling them.
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A

Calculating Temperature Distribution Throughout 1U CubeSat

A.1

Calculating T6

Schematic:

Assumptions:
• Uniform temperature distribution on panel.
• The ambient temperature is assumed to be 0 K.
• 1D heat flow.
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Given:

Analysis:

qout = A ∗  ∗ σ ∗ Ts4


T6 =

qout
A∗∗σ

T6 = 342K

T6 = 69◦ C
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1/4

A.2

Calculating T5

Schematic:

Assumptions:
• Constant temperature gradient.
• Dimensional approximations specified in ”given” section.
• 1D heat flow.
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Given:

Analysis:

q = −k ∗ Acs ∗

T5 =

dT
dx

L∗q
+ T6
k ∗ Acs

T6 = 354K

T6 = 81◦ C
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A.3

Calculating T4

Schematic:

Assumptions:
• Dimensional approximations specified in ”given” section.
• 1D heat flow.
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Given:

Analysis:

Rjunction =

T4 =

Ti − Ti−1
q

Rj ∗ q
+ T5
Acs

T6 = 358K

T6 = 85◦ C
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A.4

Calculating T3

Schematic:

Assumptions:
• Constant temperature gradient.
• Dimensional approximations specified in ”given” section.
• 1D heat flow.
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Given:

Analysis:

q = −k ∗ Acs ∗

T3 =

dT
dx

L∗q
+ T4
k ∗ Acs

T3 = 385K

T6 = 112◦ C
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A.5

Calculating T2

Schematic:

Assumptions:
• Dimensional approximations specified in ”given” section.
• 1D heat flow.
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Given:

Analysis:

Rjunction =

T2 =

Ti − Ti−1
q

Rj ∗ q
+ T3
Acs

T2 = 414K

T2 = 112◦ C
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A.6

Calculating T1

Schematic:

Assumptions:
• Dimensional approximations specified in ”given” section.
• 1D heat flow.
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Given:

Analysis:

Rjunction =

T1 =

Ti − Ti−1
q

Rj ∗ q
+ T2
Acs

T1 = 424K

T1 = 151◦ C
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A.7

Calculating T0

Schematic:

Assumptions:
• Constant temperature gradient.
• Dimensional approximations specified in ”given” section.
• 1D heat flow.
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Given:

Analysis:

q = −k ∗ Acs ∗

T0 =

dT
dx

L∗q
+ T1
k ∗ Acs

T0 = 435K

T0 = 162◦ C
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B

Predicting Stress in 1U Frame due to Body Load

Schematic:

Assumptions:
• The horizontal member is assumed to be fixed on all degrees of freedom at both ends.
• The stresses induced are within the elastic region.

Given:
Acceleration = 9.81 m/s2 * 8.3 * 1.25 ≈ 103 m/s2
DensityAlSi10M g = 2670 kg/m3
Volume = 1.22995 * 10−6 m3
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Analysis:

F = Acceleration ∗ Density ∗ V olume = .338N

M=

F ∗L
= .000423N ∗ m
8

I = (1/12) ∗ (.0065m) ∗ (.002m)3 = (4.33 ∗ 10−12 m4 )

y = .001m

σ=

M ∗y
= 97690P a
I

In this case, the FEA solution is approximately 1.5 times the analytical. This might
be due to the holes creating a stress concentration. Regardless, the stress within the
material is far below yield.
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C

Predicting Stress in Panel due to Body Load

Schematic:

Assumptions:
• The horizontal member is assumed to be fixed translational degrees of freedom on both ends.
• The stresses induced are within the elastic region.

Given:
Acceleration = 9.81 m/s2 * 8.3 * 1.25 ≈ 103 m/s2
DensityAlSi10M g = 2670 kg/m3
Volume = 7.176 * 10−6 m3
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Analysis:

F = Acceleration ∗ Density ∗ V olume = 1.973N

M = F ∗ (L/2) = .091N ∗ m

I = (1/12) ∗ (.078m) ∗ (.001m)3 = (6.5 ∗ 10−12 m4 )

y = .0005m

σ=

M ∗y
= 7M P a
I
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D

Quantifying Thermal Improvements due to Lattice

Schematic:

Assumptions:
• Constant temperature gradient; no internal heating.
• 1D heat flow.
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D.1

Thermal Resistance of Lattice

Given:

Analysis:
 D 2
∆T
L
1
= Rlattice = δ ∗
∗
q
D
k∗A
Rlattice = 4.33 ∗ 107 K/W

D.2

Thermal Resistance of Panel

Given:

Analysis:
∆T
L
= Rpanel =
q
k∗A
96

Rlattice = .88115K/W

D.3

Total Resistance

Rtotal =

Rlattice ∗ Rpanel
Rlattice + Rpanel

Rtotal = .88115K/W
The lattice resistance is so high, it’s effect is negligible.
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Introduction
1.1

Overview

Started in 1999, the CubeSat Project began as a collaborative effort between Prof. Jordi PuigSuari at California Polytechnic State University (Cal Poly), San Luis Obispo, and Prof. Bob
Twiggs at Stanford University's Space Systems Development Laboratory (SSDL). The purpose of
the project is to provide a standard for design of picosatellites to reduce cost and development
time, increase accessibility to space, and sustain frequent launches. Presently, the CubeSat Project
is an international collaboration of over 100 universities, high schools, and private firms
developing picosatellites containing scientific, private, and government payloads. A CubeSat is a
10 cm cube with a mass of up to 1.33 kg. Developers benefit from the sharing of information
within the community. If you are planning to start a CubeSat project, please contact Cal Poly.
Visit the CubeSat website at http://cubesat.org for more information.

Figure 1: Six CubeSats and their deployment systems.

1.2

Purpose

The primary mission of the CubeSat Program is to provide access to space for small payloads.
The primary responsibility of Cal Poly, as the developer of the Poly Picosatellite Orbital
Deployer (P-POD), is to ensure the safety of the CubeSat and protect the launch vehicle (LV),
primary payload, and other CubeSats. CubeSat developers should play an active role in ensuring
the safety and success of CubeSat missions by implementing good engineering practice, testing,
and verification of their systems. Failures of CubeSats, the P-POD, or interface hardware can
damage the LV or a primary payload and put the entire CubeSat Program in jeopardy. As part of
the CubeSat Community, all participants have an obligation to ensure safe operation of their
systems and to meet the design and minimum testing requirements outlined in this document.
Requirements in this document may be superseded by launch provider requirements.

1.3

Waiver Process

Developers will fill out a "Deviation Waiver Approval Request (DAR)" (see appendix A) if their
CubeSat is in violation of any requirements in sections 2 or 3. The waiver process is intended to
be quick and easy. The intent is to help facilitate communication and explicit documentation
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between CubeSat developers, P-POD integrators, range safety personnel, and launch vehicle
providers. This will help to better identify and address any issues that may arise prior to
integration and launch. The DAR can be found at http://www.cubesat.org/ and waiver requests
should be sent to standards@cubesat.org.
Upon completion of the DAR, the P-POD Integrator will review the request, resolve any
questions, and determine if there are any additional tests, analyses or costs to support the waiver.
If so, the Developer, with inputs from the P-POD Integrator, will write a test plan and perform the
tests before the waiver is conditionally accepted by the P-POD Integrator. Waivers can only be
conditionally accepted by the P-POD Integrator until a launch has been identified for the
CubeSat. Once a launch has been identified, the waiver becomes mission specific and passes to
the launch vehicle Mission Manager for review. The launch vehicle Mission Manager has the
final say on acceptance of the waiver, and the Mission Manager may require more corrections
and/or testing to be performed before approving the waiver. Developers should realize that each
waiver submitted reduces the chances of finding a suitable launch opportunity.

Figure 2: CubeSat Standard Deviation Wavier Process Flow Diagram
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Poly Picosatellite Orbital Deployer
Interface

The Poly Picosatellite Orbital Deployer (P-POD) is Cal Poly’s standardized CubeSat deployment
system. It is capable of carrying three standard CubeSats and serves as the interface between the
CubeSats and LV. The P-POD is a rectangular box with a door and a spring mechanism. Once the
release mechanism of the P-POD is actuated by a deployment signal sent from the LV, a set of
torsion springs at the door hinge force the door open and the CubeSats are deployed by the main
spring gliding on its rails and the P-PODs rails (P-POD rails are shown in Figure 3b). The P-POD
is made up of anodized aluminum. CubeSats slide along a series of rails during ejection into orbit.
CubeSats will be compatible with the P-POD to ensure safety and success of the mission by
meeting the requirements outlined in this document. The P-POD is backward compatible, and any
CubeSat developed within the design specification of CDS rev. 9 and later will not have
compatibility issues. Developers are encouraged to design to the most current CDS to take full
advantage of the P-POD features.

Figure 3a and 3b: Poly Picosatellite Orbital Deployer (P-POD) and cross section

3.

3.1
3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.1.6

CubeSat Specification
General Requirements
CubeSats which incorporate any deviation from the CDS will submit a DAR and adhere
to the waiver process (see Section 1.3 and Appendix A).
All parts shall remain attached to the CubeSats during launch, ejection and operation. No
additional space debris will be created.
No pyrotechnics shall be permitted.
Any propulsion systems shall be designed, integrated, and tested in accordance with
AFSPCMAN 91-710 Volume 3.
Propulsion systems shall have at least 3 inhibits to activation.
Total stored chemical energy will not exceed 100 Watt-Hours.
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3.1.6.1
3.1.7

Note: Higher capacities may be permitted, but could potentially limit launch
opportunities.
CubeSat hazardous materials shall conform to AFSPCMAN 91-710, Volume 3.

3.1.8

CubeSat materials shall satisfy the following low out-gassing criterion to prevent
contamination of other spacecraft during integration, testing, and launch. A list of NASA
approved low out-gassing materials can be found at: http://outgassing.nasa.gov
3.1.8.1 CubeSats materials shall have a Total Mass Loss (TML) < 1.0 %
3.1.8.2 CubeSat materials shall have a Collected Volatile Condensable Material (CVCM) <
0.1%
3.1.9 The latest revision of the CubeSat Design Specification will be the official version which
all CubeSat developers will adhere to. The latest revision is available at
http://www.cubesat.org.
3.1.9.1 Cal Poly will send updates to the CubeSat mailing list upon any changes to the
specification. You can sign-up for the CubeSat mailing list here:
www.cubesat.org/index.php/about-us/how-to-join
3.1.10 Note: Some launch vehicles hold requirements on magnetic field strength. Additionally,
strong magnets can interfere with the separation between CubeSat spacecraft in the same
P-POD. As a general guideline, it is advised to limit magnetic field outside the CubeSat
static envelope to 0.5 Gauss above Earth’s magnetic field.
3.1.11 The CubeSat shall be designed to accommodate ascent venting per ventable volume/area
< 2000 inches.

3.2

CubeSat Mechanical Requirements

CubeSats are cube shaped picosatellites with dimensions and features outlined in the CubeSat
Specification Drawing (Appendix B). The PPOD coordinate system is shown below in Figure 4
for reference. General features of all CubeSats include:

+Y

+X

+Z

Figure 4: PPOD Coordinate System
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The CubeSat shall use the coordinate system as defined in Appendix B for the
appropriate size. The CubeSat coordinate system will match the P-POD coordinate
system while integrated into the P-POD. The origin of the CubeSat coordinate system is
located at the geometric center of the CubeSat.
3.2.1.1 The CubeSat configuration and physical dimensions shall be per the appropriate
section of Appendix B.
3.2.1.2 The extra volume available for 3U+ CubeSats is shown in Figure 6.
3.2.2 The –Z face of the CubeSat will be inserted first into the P-POD.
3.2.3 No components on the green and yellow shaded sides shall exceed 6.5 mm normal to the
surface.
3.2.3.1 When completing a CubeSat Acceptance Checklist (CAC), protrusions will be
measured from the plane of the rails.
3.2.4 Deployables shall be constrained by the CubeSat, not the P-POD.
3.2.5 Rails shall have a minimum width of 8.5mm.
3.2.6 Rails will have a surface roughness less than 1.6 µm.
3.2.7 The edges of the rails will be rounded to a radius of at least 1 mm
3.2.8 The ends of the rails on the +/- Z face shall have a minimum surface area of 6.5 mm x 6.5
mm contact area for neighboring CubeSat rails (as per Figure 6).
3.2.9 At least 75% of the rail will be in contact with the P-POD rails. 25% of the rails may be
recessed and no part of the rails will exceed the specification.
3.2.10 The maximum mass of a 1U CubeSat shall be 1.33 kg.
3.2.10.1 Note: Larger masses may be evaluated on a mission to mission basis.
3.2.11 The maximum mass of a 1.5U CubeSat shall be 2.00 kg.
3.2.11.1 Note: Larger masses may be evaluated on a mission to mission basis.
3.2.12 The maximum mass of a 2U CubeSat shall be 2.66 kg.
3.2.12.1 Note: Larger masses may be evaluated on a mission to mission basis.
3.2.13 The maximum mass of a 3U CubeSat shall be 4.00 kg.
3.2.13.1 Note: Larger masses may be evaluated on a mission to mission basis.
3.2.14 The CubeSat center of gravity shall be located within 2 cm from its geometric center in
the X and Y direction.
3.2.14.1 The 1U CubeSat center of gravity shall be located within 2 cm from its geometric
center in the Z direction.
3.2.14.2 The 1.5U CubeSat center of gravity shall be located within 3 cm from its geometric
center in the Z direction.
3.2.14.3 The 2U CubeSat center of gravity shall be located within 4.5 cm from its geometric
center in the Z direction.
3.2.14.4 3U and 3U+ CubeSats’ center of gravity shall be located within 7 cm from its
geometric center in the Z direction.
3.2.15 Aluminum 7075, 6061, 5005, and/or 5052 will be used for both the main CubeSat
structure and the rails.
3.2.15.1 If other materials are used the developer will submit a DAR and adhere to the waiver
process.
3.2.16 The CubeSat rails and standoff, which contact the P-POD rails and adjacent CubeSat
standoffs, shall be hard anodized aluminum to prevent any cold welding within the PPOD.
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3.2.17 The 1U, 1.5U, and 2U CubeSats shall use separation springs to ensure adequate
separation.
3.2.17.1 Note: Recommended separation spring specifications are shown below in Table 1.
These are a custom part available through Cal Poly. Contact cubesat@gmail.com
in order to obtain these separation springs.
3.2.17.2 The compressed separation springs shall be at or below the level of the standoff.
3.2.17.3 The 1U, 1.5U, and 2U CubeSat separation spring will be centered on the end of the
standoff on the CubeSat’s –Z face as per Figure 7.
3.2.17.4 Separation springs are not required for 3U CubeSats.
Table 1: CubeSat Separation Spring Characteristics

Characteristics

Value

Plunger Material

Stainless Steel

End Force Initial/Final

0.14 lbs. / 0.9 lbs.

Throw Length

0.16 inches minimum above the
standoff surface

Thread Pitch

8-36 UNF-2B

Figure 5: Custom Spec Spring Plunger (Separation Spring)
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Figure 6: 3U+ Extra Volume ("Tuna Can")
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Electrical Requirements

Electronic systems will be designed with the following safety features.
3.3.1

The CubeSat power system shall be at a power off state to prevent CubeSat from
activating any powered functions while integrated in the P-POD from the time of delivery
to the LV through on-orbit deployment. CubeSat powered function include the variety of
subsystems such as Command and Data Handling (C&DH), RF Communication, Attitude
Determine and Control (ADC), deployable mechanism actuation. CubeSat power systems
include all battery assemblies, solar cells, and coin cell batteries.
3.3.2 The CubeSat shall have, at a minimum, one deployment switch on a rail standoff, per
Figure 7.
3.3.3 In the actuated state, the CubeSat deployment switch shall electrically disconnect the
power system from the powered functions; this includes real time clocks (RTC).
3.3.4 The deployment switch shall be in the actuated state at all times while integrated in the PPOD.
3.3.4.1 In the actuated state, the CubeSat deployment switch will be at or below the level of
the standoff.
3.3.5 If the CubeSat deployment switch toggles from the actuated state and back, the
transmission and deployable timers shall reset to t=0.
3.3.6 The RBF pin and all CubeSat umbilical connectors shall be within the designated Access
Port locations, green shaded areas shown in Appendix B.
3.3.6.1 Note: All diagnostics and battery charging within the P-POD will be done while the
deployment switch is depressed.
3.3.7 The CubeSat shall include an RBF pin.
3.3.7.1 The RBF pin shall cut all power to the satellite once it is inserted into the satellite.
3.3.7.2 The RBF pin shall be removed from the CubeSat after integration into the P-POD.
3.3.7.3 The RBF pin shall protrude no more than 6.5 mm from the rails when it is fully
inserted into the satellite.
3.3.8 CubeSats shall incorporate battery circuit protection for charging/discharging to avoid
unbalanced cell conditions.
3.3.9 The CubeSat shall be designed to meet at least one of the following requirements to
prohibit inadvertent radio frequency (RF) transmission. The use of three independent
inhibits is highly recommended and can reduce required documentation and analysis.
An inhibit is a physical device between a power source and a hazard. A timer is not
considered an independent inhibit.
3.3.9.1 The CubeSat will have one RF inhibit and RF power output of no greater than 1.5W at
the transmitting antenna’s RF input.
3.3.9.2 The CubeSat will have two independent RF inhibits
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Operational Requirements

CubeSats will meet certain requirements pertaining to integration and operation to meet legal
obligations and ensure safety of other CubeSats.
3.4.1

Operators will obtain and provide documentation of proper licenses for use of radio
frequencies.
3.4.1.1 For amateur frequency use, this requires proof of frequency coordination by the
International Amateur Radio Union (IARU). Applications can be found at
www.iaru.org.
3.4.2 CubeSats will comply with their country’s radio license agreements and restrictions.
3.4.3 CubeSats mission design and hardware shall be in accordance with NPR 8715.6 to limit
orbital debris.
3.4.3.1 Any CubeSat component shall re-enter with energy less than 15 Joules.
3.4.3.2 Developers will obtain and provide documentation of approval of an orbital debris
mitigation plan from the FCC (or NOAA if imager is present).
3.4.3.2.1 Note: To view FCC amateur radio regulations, go to http://www.arrl.org/part-97amateur-radio
3.4.3.3 Note: Analysis can be conducted to satisfy the above with NASA DAS, available at
http://orbitaldebris.jsc.nasa.gov/mitigate/das.html
3.4.4 All deployables such as booms, antennas, and solar panels shall wait to deploy a
minimum of 30 minutes after the CubeSat's deployment switch(es) are activated from PPOD ejection.
3.4.5 No CubeSats shall generate or transmit any signal from the time of integration into the PPOD through 45 minutes after on-orbit deployment from the P-POD. However, the
CubeSat can be powered on following deployment form the P-POD.
3.4.6 Private entities (non-U.S. Government) under the jurisdiction or control of the United
States who propose to operate a remote sensing space system (satellite) may need to have
a license as required by U.S. law. For more information visit
http://www.nesdis.noaa.gov/CRSRA/licenseHome.html. Click on the Application Process
link under the Applying for a License drop down section to begin the process.
3.4.7 Cal Poly will conduct a minimum of one fit check in which developer hardware will be
inspected and integrated into the P-POD or TestPOD. A final fit check will be conducted
prior to launch. The CubeSat Acceptance Checklist (CAC) will be used to verify
compliance of the specification (Found in the appendix of this document or online at
http://cubesat.org/index.php/documents/developers).
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Testing Requirements

Testing will be performed to meet all launch provider requirements as well as any additional
testing requirements deemed necessary to ensure the safety of the CubeSats, P-POD, and the
primary mission. If the launch vehicle environment is unknown, The General Environmental
Verification Standard (GEVS, GSFC-STD-7000) and MIL-STD-1540 can be used to derive
testing requirements. GSFC-STD-7000 and MIL-STD-1540 are useful references when defining
testing environments and requirements, however the test levels defined in GSFC-STD-7000 and
MIL-STD-1540 are not guaranteed to encompass or satisfy all LV testing environments. Test
requirements and levels that are not generated by the launch provider or P-POD Integrator are
considered to be unofficial. The launch provider testing requirements will supersede testing
environments from any other source. The P-POD will be tested in a similar fashion to ensure the
safety and workmanship before integration with the CubeSats. At the very minimum, all
CubeSats will undergo the following tests.

4.1

Random Vibration

Random vibration testing shall be performed as defined by the launch provider

4.2

Thermal Vacuum Bakeout

Thermal vacuum bakeout shall be performed to ensure proper outgassing of components. The
test specification will be outlined by the launch provider.

4.3

Shock Testing

Shock testing shall be performed as defined by the launch provider.

4.4

Visual Inspection

Visual inspection of the CubeSat and measurement of critical areas will be performed per the
appropriate CAC (Appendix C).

4.5

CubeSat Testing Philosophy

The CubeSat shall be subjected to either a qualification or protoflight testing as defined in the
CubeSat Testing Flow Diagram, shown in Figure 88. The test levels and durations will be
supplied by the launch provider or P-POD integrator.

4.5.1 Qualification
Qualification testing is performed on an engineering unit hardware that is identical to the flight
model CubeSat. Qualification levels will be determined by the launch vehicle provider or P-POD
integrator. Both MIL-STD-1540 and LSP-REQ-317.01 are used as guides in determining testing
levels. The flight model will then be tested to Acceptance levels in a TestPOD then integrated
into the flight P-POD for a final acceptance/workmanship random vibration test. Additional
testing may be required if modifications or changes are made to the CubeSats after
qualification testing.
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4.5.2 Protoflight
Protoflight testing is performed on the flight model CubeSat. Protoflight levels will be
determined by the launch vehicle provider or P-POD integrator. Both MIL-STD-1540 and LSPREQ-317.01 are used as guides in determining testing levels. The flight model will be tested to
Protoflight levels in a TestPOD then integrated into the flight P-POD for a final
acceptance/workmanship random vibration test. The flight CubeSat SHALL NOT be
disassembled or modified after protoflight testing. Disassembly of hardware after protoflight
testing will require the developer to submit a DAR and adhere to the waiver process prior to
disassembly. Additional testing will be required if modifications or changes are made to the
CubeSats after protoflight testing.
4.5.3 Acceptance
After delivery and integration of the CubeSat into the P-POD, additional testing will be
performed with the integrated system. This test ensures proper integration of the CubeSat into the
P-POD. Additionally, any unknown, harmful interactions between CubeSats may be discovered
during acceptance testing. The P-POD Integrator will coordinate and perform acceptance testing.
Acceptance levels will be determined by the launch vehicle provider or P-POD integrator. Both
MIL-STD-1540 and LSP-REQ-317.01 are used as guides in determining testing levels. The PPOD SHALL NOT be deintegrated at this point. If a CubeSat failure is discovered, a decision to
deintegrate the P-POD will be made by the developers, in that P-POD, and the P-POD Integrator
based on safety concerns. The developer is responsible for any additional testing required due to
corrective modifications to deintegrated P-PODs and CubeSats.
CubeSat Qualification / Acceptance Test Flow
Hardware

CubeSat Qual Unit

CubeSat

YES
Qual
Unit

Qualification

ProtoFlight

Acceptance

Flight

Vibration Testing
Shock Testing

Information
Vibration Testing
TVAC Bakeout

CubeSat Flight Unit

NO

PPOD Flight
System

CubeSat Flight Unit

Vibration Testing
Shock Testing
TVAC Bakeout

Vibration

Figure 8: CubeSat General Testing Flow Diagram
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Contacts

Cal Poly - San Luis Obispo

SRI International

Prof. Jordi Puig-Suari
Aerospace Engineering Dept.
(805) 756-5087
(805) 756-2376 fax
jpuigsua@calpoly.edu

Dr. Scott Williams, Program Manager
Engineering Systems Division
(650) 859-5057
(650) 859-3919 fax
scott.williams@sri.com

Cal Poly Program Manager
Roland Coelho

Cal Poly Student Contacts

(805) 756-5087
(805) 756-5165 fax
rcoelho@calpoly.edu

(805) 756-5087
(805) 756-5165 fax
cubesat@gmail.com

Appendix A:
Waiver Form

1 of 2

CubeSat Design Specification
Deviation Waiver Approval Request (DAR)
Date: August 1, 2009

Rev. 12

CubeSat Developers only fill out sections 1 through 9 and 15(optional). Email to: standards@cubesat.org
1. MISSION NAME:

2. DAR NUMBER:

4. INITATOR

5. INITIATING ORGANIZATION:

6. SPECIFIED REQUIREMENTS
NUMBERS:

7. JUSTIFICATION FOR DAR:

3. DATE:

8. WAIVER TYPE
DIMENSIONS or MASS
STRUCTURE
ELECTRICAL
OPERATIONS
TESTING
OTHER

9. DESCRIPTION OF DEPARTURE FROM REQUIREMENTS:

10. CSEP DISPOSITION:
ACCEPTED
REJECTED
CONDITIONALLY ACCEPTED

CSEP AUTHORIZED REP.

11. ACCEPT/REJECT JUSTIFICATION:

SIGNATURE

ORGANIZATION

DATE

12. ACCEPTANCE CONDITIONS

13. LAUNCH VEHICLE INTEGRATOR
APPROVAL AUTHORITY:
APPROVED
DISAPPROVED
CONDITIONALLY APPROVED

LVI AUTHORIZED REP.
15. APPROVAL CONDITIONS

14. LVI APPROVAL/DISAPPROVAL JUSTIFICATION:

SIGNATURE

ORGANIZATION

DATE

2 of 2
1. MISSION NAME:

DEVIATION WAIVER
APPROVAL REQUEST
CONTINUATION PAGE
16. CONTINUATION (indicate item or block number):

2. DAR NO.

3. DATE:

Appendix B:
1U, 1.5U, 2U, 3U, and 3U+
CubeSat Specification Drawing

Section 1
1U CubeSat Design Specification Drawing

Section 2
1.5U CubeSat Design Specification Drawing

Section 3
2U CubeSat Design Specification Drawing

Section 4
3U CubeSat Design Specification Drawing

Section 5
3U+ CubeSat Design Specification Drawing

Appendix C:
1U, 1.5U, 2U, 3U, and 3U+
CubeSat Acceptance Checklist

Section 1
1U CubeSat Acceptance Checklist

1U CubeSat Acceptance Checklist
Project:

Date/Time:

Organization:
Satellite Name:

Location:
Satellite S/N:

Mass (< 1.33 kg)
Spring Plungers
(Depressed)
Deployment Switches
(Depressed)

__________

Engineers:
Revision Date: 02/20/2014

RBF Pin (≤6.5mm)

__________

Functional Y / N
Rails Anodized
Y/N
Flush with Standoff Y / N
Functional Y / N
Deployables Constrained
Y/N
Flush with Standoff Y / N
Mark on the diagram the locations of the RBF pin, connectors, deployables, and any envelope violations.

Authorized By:
IT #1: _________
IT #2: _________

Passed: Y / N

List Item

As Measured

Width [x-y]

Required

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

+Z

__________

__________

__________

__________

100.0  0.1mm

Middle

__________

__________

__________

__________

100.0  0.1mm

-Z

__________

__________

__________

__________

100.0  0.1mm

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X,+Y)

__________

__________

__________

__________

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X, +Y)

+Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

-Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

Height [x-y]

length x width

Protrusions

length x width

length x width

113.5  0.1mm

length x width

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

Side 5 (-Z)

Side 6 (+Z)

_______

_______

_______

_______

_______

_______

 6.5mm

Section 2
1.5U CubeSat Acceptance Checklist

1.5U CubeSat Acceptance Checklist
Project:

Date/Time:

Organization:
Satellite Name:

Location:
Satellite S/N:

Mass (< 2.00 kg)
Spring Plungers
(Depressed)
Deployment Switches
(Depressed)

__________

Engineers:
Revision Date: 02/20/2014

RBF Pin (≤6.5mm)

__________

Functional Y / N
Rails Anodized
Y/N
Flush with Standoff Y / N
Functional Y / N
Deployables Constrained
Y/N
Flush with Standoff Y / N
Mark on the diagram the locations of the RBF pin, connectors, deployables, and any envelope violations.

Authorized By:
IT #1: _________
IT #2: _________

Passed: Y / N

List Item

As Measured

Width [x-y]

Required

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

+Z

__________

__________

__________

__________

100.0  0.1mm

Middle

__________

__________

__________

__________

100.0  0.1mm

-Z

__________

__________

__________

__________

100.0  0.1mm

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X,+Y)

__________

__________

__________

__________

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X, +Y)

+Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

-Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

Height [x-y]

length x width

Protrusions

length x width

length x width

170.2  0.1mm

length x width

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

Side 5 (-Z)

Side 6 (+Z)

_______

_______

_______

_______

_______

_______

 6.5mm

Section 3
2U CubeSat Acceptance Checklist

2U CubeSat Acceptance Checklist
Project:

Date/Time:

Organization:
Satellite Name:

Location:
Satellite S/N:

Mass (< 2.66 kg)
Spring Plungers
(Depressed)
Deployment Switches
(Depressed)

__________

Engineers:
Revision Date: 02/20/2014

RBF Pin (≤6.5mm)

__________

Functional Y / N
Rails Anodized
Y/N
Flush with Standoff Y / N
Functional Y / N
Deployables Constrained
Y/N
Flush with Standoff Y / N
Mark on the diagram the locations of the RBF pin, connectors, deployables, and any envelope violations.

Authorized By:
IT #1: _________
IT #2: _________

Passed: Y / N

List Item

As Measured

Width [x-y]

Required

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

+Z

__________

__________

__________

__________

100.0  0.1mm

Middle

__________

__________

__________

__________

100.0  0.1mm

-Z

__________

__________

__________

__________

100.0  0.1mm

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X,+Y)

__________

__________

__________

__________

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X, +Y)

length x width

length x width

length x width

length x width

+Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

-Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

Height [x-y]

Protrusions

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

Side 5 (-Z)

Side 6 (+Z)

_______

_______

_______

_______

_______

_______

227.0  0.2mm

 6.5mm

Section 4
3U CubeSat Acceptance Checklist

3U CubeSat Acceptance Checklist
Project:

Date/Time:

Organization:
Satellite Name:

Location:
Satellite S/N:

Mass (< 4.00 kg)
Spring Plungers
(Depressed)
Deployment Switches
(Depressed)

__________

Engineers:
Revision Date: 02/20/2014

RBF Pin (≤6.5mm)

__________

Functional Y / N
Rails Anodized
Y/N
Flush with Standoff Y / N
Functional Y / N
Deployables Constrained
Y/N
Flush with Standoff Y / N
Mark on the diagram the locations of the RBF pin, connectors, deployables, and any envelope violations.

Authorized By:
IT #1: _________
IT #2: _________

Passed: Y / N

List Item

As Measured

Width [x-y]

Required

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

+Z

__________

__________

__________

__________

100.0  0.1mm

Middle

__________

__________

__________

__________

100.0  0.1mm

-Z

__________

__________

__________

__________

100.0  0.1mm

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X,+Y)

__________

__________

__________

__________

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X, +Y)

+Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

-Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

Height [x-y]

length x width

Protrusions

length x width

length x width

340.5  0.3mm

length x width

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

Side 5 (-Z)

Side 6 (+Z)

_______

_______

_______

_______

_______

_______

 6.5mm

Section 5
3U+ CubeSat Acceptance Checklist

3U+ CubeSat Acceptance Checklist
Project:

Date/Time:

Organization:
Satellite Name:

Location:
Satellite S/N:

Mass (< 4.00 kg)
Spring Plungers
(Depressed)
Deployment Switches
(Depressed)

__________

Engineers:
Revision Date: 02/20/2014

RBF Pin (≤6.5mm)

__________

Functional Y / N
Rails Anodized
Y/N
Flush with Standoff Y / N
Functional Y / N
Deployables Constrained
Y/N
Flush with Standoff Y / N
Mark on the diagram the locations of the RBF pin, connectors, deployables, 3U+ Protrusion, and any envelope violations.

Authorized By:
IT #1: _________
IT #2: _________

Passed: Y / N

3U+ Volume
Length (Z): ____  36mm
Diameter: _____  64mm
3U+ Centered:

List Item

As Measured

Width [x-y]

Y / N

Required

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

+Z

__________

__________

__________

__________

100.0  0.1mm

Middle

__________

__________

__________

__________

100.0  0.1mm

-Z

__________

__________

__________

__________

100.0  0.1mm

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X,+Y)

__________

__________

__________

__________

Rail 1 (+X, -Y)

Rail 2 (-X, -Y)

Rail 3 (-X, +Y)

Rail 4 (+X, +Y)

+Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

-Z Standoffs

____ x ____

____ x ____

____ x ____

____ x ____

 6.5mm

Height [x-y]

length x width

Protrusions

length x width

length x width

340.5  0.3mm

length x width

Side 1 (-Y)

Side 2 (-X)

Side 3 (+Y)

Side 4 (+X)

Side 5 (-Z)

Side 6 (+Z)

_______

_______

_______

_______

_______

_______

 6.5mm

https://gpiprototype.com

Material data sheet

EOS Aluminium AlSi10Mg
EOS Aluminium AlSi10Mg is an aluminium alloy in fine powder form which has been specially
optimised for processing on EOSINT M systems
This document provides information and data for parts built using EOS Aluminium AlSi10Mg
powder (EOS art.-no. 9011-0024) on the following system specifications:
- EOSINT M 280
with PSW 3.6 and Original EOS Parameterset AlSi10Mg_Speed 1.0
- EOS M 290 400Watt
with EOSPRINT 1.0 and Original EOS Parameterset AlSi10Mg_Speed 1.0

Description
AlSi10Mg is a typical casting alloy with good casting properties and is typically used for cast
parts with thin walls and complex geometry. It offers good strength, hardness and dynamic
properties and is therefore also used for parts subject to high loads. Parts in EOS Aluminium
AlSi10Mg are ideal for applications which require a combination of good thermal properties and
low weight. They can be machined, spark-eroded, welded, micro shot-peened, polished and
coated if required.
Conventionally cast components in this type of aluminium alloy are often heat treated to improve the mechanical properties, for example using the T6 cycle of solution annealing,
quenching and age hardening. The laser-sintering process is characterized by extremely rapid
melting and re-solidification . This produces a metallurgy and corresponding mechanical properties in the as-built condition which is similar to T6 heat-treated cast parts. Therefore such
hardening heat treatments are not recommended for laser-sintered parts, but rather a stress relieving cycle of 2 hours at 300 °C (572 °F). Due to the layerwise building method, the parts have
a certain anisotropy, which can be reduced or removed by appropriate heat treatment - see
Technical Data for examples.
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Material data sheet

Technical data
General process and geometrical data
 100 µm

Typical achievable part accuracy [1] [2]
Smallest wall thickness [1] [3]

approx. 0.3 – 0.4 mm
approx. 0.012 – 0.016 inch

Surface roughness, as built, cleaned [1] [4]

Ra 6 - 10 µm, Rz 30 - 40 µm
Ra 0.24 - 0.39 x 10-³ inch
Rz 1.18 - 1.57 x 10-³ inch

- after micro shot-peening

Ra 7 - 10 µm, Rz 50 - 60 µm
Ra 0.28 - 0.39 x 10-³ inch
Rz 1.97 - 2.36 x 10-³ inch

Volume rate [5]
[1]
[2]
[3]
[4]

[5]

7.4 mm³/s (26.6 cm³/h)
1.6 in³/h

These properties were determined on an EOSINT M 270.
Based on users' experience of dimensional accuracy for typical geometries. Part accuracy is subject to appropriate data preparation and post-processing, in accordance with EOS training.
Mechanical stability dependent on the geometry (wall height etc.) and application
Due to the layerwise building, the surface structure depends strongly on the orientation of the surface, for
example sloping and curved surfaces exhibit a stair-step effect. The values also depend on the measurement
method used. The values quoted here given an indication of what can be expected for horizontal (up-facing)
or vertical surfaces.
The volume rate is a measure of the building speed during laser exposure. The overall building speed is dependent on the average volume rate, the time required for coating (depends on the number of layers) and
other factors, e.g. DMLS settings.
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Physical and chemical properties of the parts
Material composition

Al (balance)
Si (9.0 - 11.0 wt-%)
Fe ( 0.55 wt-%)
Cu ( 0.05 wt-%)
Mn ( 0.45 wt-%)
Mg (0.2 - 0.45 wt-%)
Ni ( 0.05 wt-%)
Zn ( 0.10 wt-%)
Pb ( 0.05 wt-%)
Sn (. 0.05 wt-%)
Ti ( 0.15 wt-%)

Relative density

approx. 99.85 %

Density

2.67 g/cm³
0.096 lb/in³
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Mechanical properties of the parts
As built

Heat treated [9]

- in horizontal direction (XY)

460  20 MPa
66.7  2.9 ksi

345  10 MPA
50.0  1.5 ksi

- in vertical direction (Z)

460  20 MPa
66.7  2.9 ksi

350  10 MPa
50.8  1.5 ksi

- in horizontal direction (XY)

270  10 MPa
39.2  1.5 ksi

230  15 MPa
33.4  2.2 ksi

- in vertical direction (Z)

240  10 MPa
34.8  1.5 ksi

230  15 MPa
33.4  2.2 ksi

- in horizontal direction (XY)

75  10 GPa
10.9  0.7 Msi

70  10 GPa
10.2  0.7 Msi

- in vertical direction (Z)

70  10 GPa
10.2  0.7 Msi

60  10 GPa
8.7  0.7 Msi

- in horizontal direction (XY)

(9  2) %

12  2%

- in vertical direction (Z)

(6  2) %

11  2%

Tensile strength [6]

Yield strength (Rp 0.2 %) [6]

Modulus of elasticity

Elongation at break [6]

Hardness [7]

approx.119  5 HBW

Fatigue strength [1] [8]
- in vertical direction (Z)
[6]

approx. 97  7 MPa
approx. 14.1  1.0 ksi

Mechanical strength tested as per ISO 6892-1:2009 (B) annex D, proportional specimens, specimen diameter
5 mm, original gauge length 25 mm (1 inch).

[7]

Hardness test in accordance with Brinell (HBW 2.5/62.5) as per DIN EN ISO 6506-1. Note that measured hardness can vary significantly depending on how the specimen has been prepared.
[8] Fatigue test with test frequency of 50 Hz, R = -1, measurement stopped on reaching 5 million cycles without
fracture.
[9] Stress relieve: anneal for 2 h at 300 °C (572 °F).
[10] These properties were determined on an EOSINT M 280-400W. Test parts from following machine type EOS M
290-400W correspond with these data.
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Thermal properties of parts
As built [1]

Heat treated [1] [9]

- in horizontal direction (XY)

approx. 103  5 W/m°C

approx. 173  10 W/m°C

- in vertical direction (Z)

approx. 119  5 W/m°C

approx. 173  10 W/m°C

- in horizontal direction (XY)

approx. 920  50 J/kg°C

approx. 890  50 J/kg°C

- in vertical direction (Z)

approx. 910  50 J/kg°C

approx. 890  50 J/kg°C

Thermal conductivity (at 20 °C)

Specific heat capacity

Abbreviations
approx.
wt

approximately
weight

Notes
The data are valid for the combinations of powder material, machine and parameter sets referred to on page 1,
when used in accordance with the relevant Operating Instructions (including Installation Requirements and
Maintenance) and Parameter Sheet. Part properties are measured using defined test procedures. Further details of
the test procedures used by EOS are available on request.
The data correspond to our knowledge and experience at the time of publication. They do not on their own provide
a sufficient basis for designing parts. Neither do they provide any agreement or guarantee about the specific
properties of a part or the suitability of a part for a specific application. The producer or the purchaser of a part is
responsible for checking the properties and the suitability of a part for a particular application. This also applies
regarding any rights of protection as well as laws and regulations. The data are subject to change without notice as
part of EOS' continuous development and improvement processes.
EOS, EOSINT and DMLS are registered trademarks of EOS GmbH.
 2014 EOS GmbH – Electro Optical Systems. All rights reserved.
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